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"Let’s go."
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Abstract

One of the Holy Grails of modern astronomy is to observe the first generations of stars
and how they assembled into galaxies. While recent years have made incredible progress
in this endeavour, we have reached somewhat of a cul-de-sac in terms of the sensitivity and
wavelength coverage necessary to push further back into reionisation. We also struggle to
make substantive statements about the physical properties of the galaxies we do detect at
z > 6. The James Webb Space Telescope (JWST) promises to revolutionise our view of
this epoch, however modelling must keep up in order to satisfactorily interpret these new

observations.

In this thesis I chart the development of a Bayesian SED fitting code INTERROGATOR.
This code is optimised for maximum flexibility in model choices, so as to test between the
suite of existing stellar, nebular and dust models, and also to modularly add new models as
they are developed.

I use this code on a sample of low redshift Extreme Emission Line Sources (EELS),
selected from the GAMA survey as analogues to high redshift galaxies. Specifically I use
INTERROGATOR to show how the various assumptions implicit in modern SED fitting affect
the inferred physical properties of these objects, biasing results on even the most basic
properties such as stellar mass and star formation rates.

Finally, using the BLUETIDES simulation, I propose a novel technique for modelling
the stellar spectra of galaxies in the Epoch of Reionisation (EoR). By relaxing the single
metallicity approximation commonly used in SED fitting, I show that improvements can be
made to the recovery of these properties at the cost of adding additional parameters to the

model.
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Chapter 1

Introduction

In this thesis, I chronicle the development of a variety of tools which are targeting the
analysis of high redshift galaxies and their low redshift analogues. This work is performed
with an eye to predicting the revolutionary impact of the James Webb Space Telescope
(JWST, Webb) upon its launch in late 2021. Webb promises to find large numbers of Epoch
of Reionisation (EoR) galaxies, pushing well into the first billion years of the Universe, and
it is important to understand what we expect to see there both to design survey strategies,
and to interpret the galaxies that are detected. The thesis is structured as follows:

The rest of chapter one is dedicated to setting the necessary background, briefly de-
scribing the giant’s shoulders upon which modern observational astronomy stands. Chapter
two introduces INTERROGATOR, a Bayesian SED fitting code developed with the modelling
of high redshift observations specifically in mind. The code is designed to be as modular as
possible to allow for the users choice of models and model parameters, or more importantly,
to allow the characterisation of model uncertainties by comparing between them. How
the code works is discussed, followed by a brief demonstration of the recovery of model
parameters of various model galaxies.

Chapter three will demonstrate an application of INTERROGATOR, selecting a sample of
Extreme Emission Line Sources (EELS) from the GAMA survey with an equivalent width
cut of EW(Ha)>200. It has been claimed in the literature that galaxies such as these are

analogues of high redshift galaxies, and we find that although they closely match in stellar



mass and specific star formation rate, they are of a higher metallicity than typical EoR
star-forming galaxies, at least based on simulation predictions. We also carry out model
comparison using INTERROGATOR, and find that these galaxies have rising exponential SFHs,
which the standard GAMA pipeline does not account for. As these galaxies have such a
high amount of young stars, they are very sensitive to model assumptions, seeing a scatter
on the median of the sample of ~ 0.4dex in both SFR and M., depending on model choices.

Finally, chapter 4 will explore the star formation and metal enrichment histories, and
stellar spectra, of galaxies using the BLUETIDEs simulation. Galaxies at very high redshift
do not have enough time to sufficiently mix their metals throughout the galaxy. By creating
an analytic model of the joint age-metallicity distribution of simulation galaxies at redshifts
above 8, we identify whether modelling of this type provides additional insight into the
buildup of stellar material through the epoch of reionisation.

Throughout this thesis I assume the following ACDM parameters Qy = 0.30, Qp =
0.69, O, = 0.048 and Hy = 68kms™'MPc~!, where Qy, Qa, and Qy, are the total (baryon
plus dark) matter fraction, dark energy fraction, baryonic matter fraction respectively,
and Hy is the present day Hubble constant. These parameters were measured in Planck

Collaboration et al. [2016a].



1.1 The Contents of the Universe

While the Universe is home to incredible complexity, in the broadest strokes it can be
considered to have relatively few ingredients. This section will simply outline the properties
of each of these, including common observational strategies for characterising them. In the

following chapter (section 2.3) the precise details of how to model them will be outlined.

1.1.1 Dark Matter and Dark Energy

Dark Matter has been theorised without any real evidence since antiquity, with the idea
of matter that could not be seen (either completely or due to insufficient observational
power) being brought up by many thinkers throughout history as an explanation for physical
phenomena.

In Zwicky [1933], a study of the Coma cluster found that the observed velocity dispersion

was some 10 times larger than the dispersion that could be supported by the system according

to the Virial Theorem. They mass of the cluster was thus estimated to be some 10° larger
than the sum of the masses of the galaxies within — this strongly implied the presence of
additional material which could not be detected via the light it gives out.

This observation was supported by galaxies rotation curves —how the circular velocity of
material in a galaxy varies with radius. Under simplifying assumptions, one can calculate
the mass distribution of a galaxy as a function of radius by considering all mass inside
the radius being considered to act as a point source in the centre, and all mass outside

of the radius to not act at all via the Shell Theorem. At large radius one would expect to

approximately recover the Keplerian solution (v o« 7~1/%), however observations of stars, and
Hiregions on the galaxies’ outskirts suggest that they orbit at speeds independent of distance.
This “flattening” of the rotation curve provided strong evidence that additional mass was
lurking in the outskirts of galaxies that direct observations were incapable of finding. Figure
1.1 shows that the agreement at low radii is actually fairly convincing, however as radius

increases, especially into the Hi observations, there is significant deviation.
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Figure 1.1: Rotation curve of the galaxy M31 (Andromeda) with data from a variety of
sources. Purple points are from Babcock [1939], one of the first detailed studies of this
effect. The black points are from Rubin and Ford [1970], observing stellar motion via
spectroscopy. Red and green points are from Roberts and Whitehurst [1975] and Carignan
et al. [2006] respectively, both employing radio telescopes to measure the Hi 21cm signal.
Solid line represents a scaled model of an exponential disc mass profile, which would well
describe the mass distribution of the stars in M31 [Freeman, 1970].

The precise nature of Dark Matter is not well understood. Theories of dark matter
fall into two main camps. Firstly, Massive Compact Halo Objects (MACHOs); effectively
astronomical objects ranging in size from sub micrometer sized to multiple solar masses,
which if there is enough of them add mass to a galaxy without being visible [Alcock et
al., 2000]. A subclass of dark matter MACHOs are primordial black holes — black holes
which formed in the very early Universe and are not astrophysical in nature [Carr et al.,
2016]. Secondly is the Weakly Interacting Massive Particle (WIMP) model of dark matter
— dark matter is a class of sub-atomic particle which does not interact with EM radiation.
WIMPs are the currently the favoured candidate, as CMB measurements which provide
strong evidence for non-baryonic Dark Matter [Aprile et al., 2018]. At its core however,

evidence of Dark Matter other than its gravitational presence remains elusive.

Dark energy is much less well understood than even Dark Matter, despite making up

the majority of the Universe’s energy budget. The expanding Universe had been largely
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accepted for the better part of a century since Hubble’s seminal 1929 paper [Hubble,
1929]. However the rate of change of this expansion was unconstrained, with three possible
scenarios: gravitation eventually overcomes the expansion, bringing everything back to a
singularity; gravitation and expansion are in balance; the Universe expands at a constant
velocity; or expansion which accelerates, perpetually increasing in velocity.

Observations of type Ia supernovae [e.g. Perlmutter et al., 1999; Riess et al., 1998]
allowed for discrimination between these models. By finding supernovae in galaxies out
to z ~ 1, when the Universe was half the age it is now, slight deviations could be detected

from the constant rate of expansion measured previously.
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Figure 1.2: Hubble Diagram from S. Perlmutter’s 1999 paper [Perlmutter et al., 1999] on the
use of 42 high redshift supernovae extending to z ~ 1 to constrain the cosmological param-
eters. Black solid lines represent cosmological models with constant expansion A = 0, with
Qu = (0,1,2) being the (top,middle,bottom) lines respectively. Similarly the blue dashed
lines represent cosmological models with [Q, QA] = ([0,1],{0.5,0.5],[1,0],1.5,-0.5])
from top to bottom respectively.

Figure 1.2 shows some of the motivating evidence for dark energy. Supernovae in
galaxies with z > (.2 are more faint than they would be in a Universe without an accelerating
expansion. In the last 20 years this evidence and other similar studies have coalesced into a
heavy favouring of a cosmological model with a positive Q4 [Betoule et al., 2014]. Other

evidence for dark energy can be found within lensing of the CMB [Planck Collaboration et



al., 2016a, e.g.] and the large scale structure through large galaxy surveys [e.g. Abbott et

al., 2018].

1.1.2 Baryons

By energy density, the baryonic content of the Universe is only around 4%, however it
is where the majority of the complicated physics takes place because of its readiness to
interact with electromagnetic radiation. The majority of this baryonic content is in the
form of hydrogen and helium gas, which was formed primordially, with traces of the other
elements. For our purposes, gas in the Universe can largely be divided into two categories:

the Intergalactic Medium (IGM) and the Interstellar Medium (ISM).

1.1.2.1 The Intergalactic Medium

The IGM in the present day is a web of ionised gas that forms a filamentary structure
between galaxies. This gas is typically of temperature 10° — 107K, with a low density
—around n ~ 1 — 10m™3. Due to its highly ionized state the IGM has little effect on
observations at low redshift, however this is not true for galaxies that are seen prior to the
completion of reionisation (see section 1.2.3 ). At early times, the IGM was neutral, and
any starlight passing through it with short 1 < 1216A wavelengths would be scattered of

absorbed. This is both the cause of reionisation, but also a source of attenuation that must

be accounted for. This is addressed in more detail in section 2.2.1.2.

1.1.2.2 The Interstellar Medium

The other major gaseous component of the Universe is the The Interstellar Medium (ISM).
As the name suggests, this is an umbrella term for all of the content within a galaxy between
the stars. The ISM has a few different phases, with the differentiating factors mostly being

the temperature and density.



Molecular Gas The coldest (7" ~ 10—-20K) parts of the ISM are molecular clouds. These
are clouds of hydrogen that are dense and cold enough to support molecule formation,

specifically H, and other very simple molecules such as CO (an important observational
tracer) [Bolatto er al., 2013]. They can have particle densities of 102 — 103cm™3, and the

densest parts — called molecular cores — can have densities exceeding 10°cm ™ [Bergin and
Tafalla, 2007]. Molecular clouds are the birth sites for new stars, and are thus inherently
unstable — any cloud which is this cold and dense will collapse further and form a population
of stars. Molecular gas is detected most commonly through the CO molecule transitions —
it is thought that Lo is directly proportional to the H, content, so it is an effective tracer

for the spatial distribution of molecular hydrogen.

Atomic Gas Hi regions are clouds of mostly neutral atomic Hydrogen. They typically

have temperatures of either 7' < 102K (cold Hi) or T ~ 10*K (warm Hi) [Cox, 2005] — gas
with temperatures lying between these ranges has access to efficient heating and cooling

mechanisms causing it to quickly settle into one of these two temperature regimes. These

phases have particle number densities of around 10cm™3 (cold) and 0.1 — lem™ (warm).
HI is commonly traced by the 21cm signal — light spontaneously produced by the hydrogen

gas due to the hyperfine structure of the Hydrogen atoms energy levels.

Ionised Gas Finally, it is worth noting the presence of Hir regions. When a molecular
cloud begins to form stars, the hot, young stars have powerful radiation fields which are
easily capable of ionising the surround medium. This results in strongly ionised bubbles
within the ISM. Because of their formation mechanism, these regions are short lived (
< 10 million years) as the radiation pressure of the living stars — and the extreme pressure
produced by supernovae when they die off —drives the gas away leaving behind a star cluster.
Hi1 regions powered by stars are the primary source of nebular line emission, but also the
bulk motions of particles in the gas mean that Hi regions also produce a significant amount

of continuum emission too, which can bias the overall normalisation of a spectra. Emission



lines serve as an important observational diagnostic of galaxies, providing accurate redshifts,
compositions (metallicities), and the physical conditions (temperature, density) of the Hut

regions themselves.

1.1.2.3 Dust

Dust can best be described as particulate matter which exists within the ISM, with particles
ranging in size from just a few molecules across to ~ 1um. These particles are chiefly made
up of organic, carbon based molecules which can be produced in a variety of circumstances.
In the high redshift Universe, it is thought that dust is mostly produced three scenarios:
Asymptotic Giant Branch (AGB) stars throwing off enriched material during the final
stages of their lives, supernovae casting out the metals they have created into the ISM,
some of which eventually cools and accretes into dust grains [Le$niewska and Michatowski,
2019], and finally Hu regions, which are often enriched even at these early times [Vijayan
etal., 2019].

In terms of the light that a galaxy emits, dust in the ISM has two major effects. It

absorbs light in the UV-NIR portion of the spectra , and thermally re-emits this light in the

far infra-red 10> — 10*um. The absorption effect preferentially affects the UV light, much
more severely reducing its brightness when compared to redder wavelengths.

This absorption process has two mechanisms associated with it: extinction and atten-
uation. Extinction is the absorption of photons emitted from a source by the dust grains,
and the scattering of photons out of the line of sight of the observer. The amount of overall
extinction, and the shape of the extinction curve as a function of wavelength can vary due
to a variety of effects: the geometry of the dust between source and observer, the column
dust mass, and the distribution of the dust grain size can all play non-trivial roles in the

extinction effect.

Attenuation refers to the more general impact of dust on a spectrum, specifically when
the object is made up of many sources (e.g. a galaxy made up of many stars). Attenuation

takes into account that each individual star in a galaxy has a different amount of extinction



associated with it, and these individual extinctions will have an aggregate effect on the
galaxy spectrum. Secondly, the scattering of photons into the observers line of sight is
considered to be a small effect when only considering a single source, but this is no longer
true for the composite objects attenuation serves to model, so this is included also. The sum
total of all of these effects is described by an attenuation curve. For highly star forming
galaxies as will be discussed in much of this work, a common choice for this attenuation
curve is Calzetti [2001], but a variety of different parametrisations for this curve exist.

Discussion of their exact nature will be deferred to section 2.2.1.3.

Absorption of UV and optical light causes the dust to heat up. Each individual grain
re-emits as a black body according to its temperature. The secondary effects the dust
population having a range of temperatures due to its non-uniform geometry, and scattering
of the re-emitted photons by subsequent interactions with other dust grains mean that the
overall IR spectra differs slightly from this slightly — for that reason it is known as a

grey-body [Casey, 2012]. Mathematically, a grey body is expressed as:

S(IT) o (1 - e ™™)B,(T) (1.1)

where S(v|T) is the grey-body expressed in units of erg s~! cm™ Hz™!, or Jy. 7(/nu)
is the optical depth — defined as log(//P) with I and P being the incident and transmitted
power respectively, and B, (T) is the traditional Planck blackbody curve, with parameter T

denoting the ambient dust temperature.

1.1.2.4 The Stars

When molecular Hydrogen gas clouds exceed a certain temperature dependant density they
become unstable and collapse gravitationally. Specifically, for a cloud with number density
of molecular hydrogen n and sound speed ¢, when the cloud exceeds mass M; — known as
the Jeans Mass for physicist Sir James Jeans — it will begin to collapse. The equation for

M, presented here without derivation is:
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Stars do not typically form in isolation — if a large cloud of gas is sufficiently dense to
collapse, it typically undergoes a process called fragmentation: as the cloud collapses it
become easier and easier for sub-sections to exceed the Jeans limit independently, and thus
they will begin to collapse on their own. This process leads to many smaller collapses rather
than the entire cloud becoming a singular, giant collapsed object. This process is known as
fragmentation and is the dominant theory for star formation on the gas cloud scale [Shu et
al., 1987].

The mass distribution of the stars that form via fragmentation is known as the Initial
Mass Function (IMF). The IMF describes the distribution of initial stellar masses of a
population of stars once they join the main sequence. The IMF is very important in the
study of galaxies as even small deviations can have large effects on the overall SED due to
the face that young stars contribute so much to an overall galaxies’ SED. As the IMF cannot
be measured directly, only inferred from evolved star clusters, the precise form of the IMF
(or for that matter, whether it even has a single, universal form) remains somewhat uncertain
and an critical assumption to be made when modelling the light from stellar populations
[Lee et al., 2020].

The simplest parametric form of the IMF is a single power-law,

dn
M) = ™~ M (1.3)
where n is the relative number density of stars as a function of their mass M, and a ~ —2.35
is the power law slope parameter [e.g. Massey et al., 1995]. This is known as the Salpeter
IMF Salpeter [1955], and for the stars that were measured in that work (M, > 1 M) this
has remained largely unchanged.
This simple parameterisation presents an obvious problem however, that at small, sub-

stellar (M <~ 0.018 M) masses the number of objects becomes incredibly large, requiring
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Figure 1.3: Examples of Initial mass functions. Black solid line is a simple power law —
often known as the Salpeter IMF [Salpeter, 1955] . Yellow solid line is a broken power law
at 0.1 and 0.4Mg, to account for the number density of sub-stellar objects. Blue solid line
is the Chabrier IMF — a smoothing of this broken power law into a turnover beginning at
1M [Chabrier, 2003].

some arbitrary cutoff. Even with a well placed cutoff, the numbers of low mass objects is
over-predicted compared to measurements of the low mass end of the luminosity functions
of local star clusters [e.g. Blaha and Humphreys, 1989].

Common low-mass corrections include broken, shallower power laws or smooth turnovers
at low mass [Kroupa, 2001; Chabrier, 2003]. It is natural for IMFs of all forms to be cutoff
at ~ 0.018 M, as below this mass, pressure in the protostellar core is insufficient to initiate
fusion, which can be taken as a definition of a star. These sub-fusion masses are known
as Brown dwarfs, and while it follows that they dominate in terms of numbers, their low
masses and luminosities mean they do not meaningfully contribute to the galaxies luminous
output.

While galactic measurements suggest that within the galaxy the IMF is likely spatially

universal [Hopkins, 2018] there are suggestive measurements of the wider Universe that
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the IMF can vary from galaxy to galaxy. This variation could be proportional to the star
formation rate [Gunawardhana et al., 2011; Zhang et al., 2018], although any statements
made about the IMF are naturally tentative as it is very difficult to isolate from other physical

properties of galaxies.

Stellar Life Cycle After a population of stars have formed from a dense molecular cloud

they join the stellar main sequence, where they are relatively stable — the force of gravity
trying to collapse the material pushing against the radiation pressure emanating from the
Hydrogen fusion in the core.

The defining features of a star on the main sequence can be largely inferred from just
their mass and the metallicity of the gas they have formed from. As mass increases, the
pressure in the core, and thus its temperature increases. The nuclear reactions that drive a
star are very sensitive to temperature, so even a small mass (and thus temperature) increase
leads to much faster reaction rates, and therefore plenty more radiation being produced.

This relation is commonly quoted as

L M\¢
(L—@) : (M—) (5

where @ can vary between 1 and 6. For example — for main sequence stars between
0.43Mg and 2Mg, @ =~ 4 and more massive stars between 2Mg and 55Mg have @ =~ 3.5.
Similarly, one can also observe a tight relation between the luminosity of a star, and its
colour. As the core temperature increases due to the pressure, the surface temperature also
increases, meaning that the black body emission from the surface becomes bluer and bluer.
This relation is known as the Hertzprung-Russel relation and is well documented in the

literature.

While going into the details of the stellar physics is beyond the scope of this thesis, it is
crucial for the modelling of galaxies to understand that for fixed metallicity, stars of higher
mass are rare, but they dominate in terms of the light produced. These high mass stars also

burn through their Hydrogen much faster, so even though they start with more fuel, they
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have much shorter lifetimes, approximately:

2.5
M

Qifetime ~ (M—) - 10Gyrs. (1.5)
O]

In summary, simple stellar populations on the main sequence are dominated in number
and mass by low-mass stars, but by luminosity the rare high-mass stars are the dominant
force. As these populations age, the stars die off effectively in order of decreasing mass,
leaving behind a much less luminous, redder population. This knowledge is a vital part
of galaxy evolution, as the presence or absence of young, blue, high-mass stars can tell us
much about the recent star formation activity of a galaxy. This will be explored in exhaustive

detail in later sections 1.5.1.1, 2.2.1.1, and 4.6.

Remnants Stars eventually use up their available hydrogen. When they do a variety of
things can happen depending on their mass. Lower mass stars M <~ 10M, will ultimately
form white dwarfs. These are effectively the exposed stellar core of a star, largely composed
matter which has become electron degenerate — the electrons are forced to occupy all of
the available energy levels, and the Pauli exclusion principle prevents them from being
compressed any more. This degeneracy pressure prevents the star from collapsing further,
but also means that no thermal energy can be extracted from the material. White dwarfs
have a theoretical upper mass limit, beyond which electron degeneracy will be overcome by
the self gravitation. This mass limit is ~ 1.4M and is known as the Chandrasekhar limit.
Sub-Chandrasekhar white dwarfs can accrete matter from a companion star and exceed this
limit, causing a type la supernovae.

Neutron stars are similar objects — remnants of stars which are no longer powered by
fusion, they are a balance of gravitation and neutron degeneracy pressure. However, their
progenitor stars are of higher mass, 10Mgy < M <~ 30My. The extra mass means that the
remnant left behind as the star dies will exceed the Chandrasekhar limit, and will overcome
electron degeneracy pressure. This causes the protons to undergo inverse beta decay with

the degenerate electrons, the result being effectively an object made entirely of neutrons. As
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they are composed entirely of nuclear material, neutron stars are incredibly dense —a 1M
neutron star would have a radius of around 10km. They also have extremely large magnetic
field strengths and rotation speeds, owing to the angular momentum conservation between
the large progenitor star and the small radius remnant. Analogously to white dwarfs, neutron
stars have an upper limit of ~ 2.3M, above which neutron degeneracy pressure cannot
support them, in fact, nothing can — they will collapse to a singularity: a black hole [Iben
and Renzini, 1983].

For the purposes of this thesis, we must consider that remnants contribute mass to older
stellar populations — in the case of the more common white dwarf, this can actually be
a significant fraction of the mass. However they contribute very little in terms of light,
white dwarfs emit thermally, but it is not particularly significant all but the oldest stellar
populations [Eldridge et al., 2017a]. To neglect the contribution of remnants would cause

systematic underestimations of the stellar masses of galaxies.

1.1.2.5 Black Holes

Black holes can be defined in a variety of ways, however for our purposes we will define
them as an astrophysical object so dense that nothing (including EM radiation) can escape

from its surface.

Black holes can largely be divided into two types — Astrophysical black holes, which
form throughout the Universe’s history during the death of massive stars; and Supermassive
black holes (SMBHs), which form at the center of galaxies, whose formation mechanisms

remains unclear.

Stellar Mass Black Holes When a star of sufficient mass goes supernovae and leaves
behind a remnant with , that remnant is either supported by electron degeneracy pressure
or neutron degeneracy pressure. If the mass of the original star is large enough, the
remnant left behind will be too massive (M,.,, > 2.3My) to be supported by either of

these forces, and with nothing else to support the material, it will collapse freely to a
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singularity. Astrophysical black holes are formed relatively rarely — only around 0.004%
of stars are above 15M, i.e. large enough to form remnants that will collapse into black
holes. Astrophysical black holes typically range in mass from the lower limit at around
2 —3M,, potentially up to as much as 45M, for stars with extremely low metallicities and

high masses (130 — 250M) [Farmer et al., 2019].

Super Massive Black Holes Super-massive black holes on the other hand, although are
similar in terms of their structure, are entirely different in both scale formation mechanism.
Super-massive black holes are thought to have either formed via the rapid hierarchical
merger of astrophysical black holes after the formation of the first stars, or from direct
collapse of Hi clouds around the end of the dark ages/beginning of the EoR via processes
that prevent the fragmentation of said clouds into a population of stars.

In addition to growing through mergers super-massive black holes can grow by accreting
surrounding material — if this rate of accretion is high enough, the black hole is known as
an active galactic nucleus (AGN). This is often enough to heat the surrounding gas stopping
it from stars, effectively quenching the galaxy. Super-massive black holes then play an
important part in regulating the growth of galaxies, particularly those that are very massive.
Active super-massive black holes regularly outshine their host galaxies’ stellar content and
are amongst the most luminous objects in the Universe, easily observable to the highest

redshifts.

1.1.3 Galaxies

Galaxies can be thought of effectively as a summation of all of these parts. Working from
the outside in, we will briefly outline the general structure of a galaxy.

The outermost part is the dark matter halo. In an isolated galaxy these are approximately
spherically symmetric mass distributions, which is commonly parametrised as the so-called
NFW profile [Navarro et al., 1996]. These halos are typically ~ 1000 times the mass of

the galaxy they host. The dark matter halo serves to funnel baryonic matter into the centre,
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where it will take the various forms Hi, molecular clouds, dust etc. and will also form stars,
producing Hir regions.

Finally at the galaxies core, lies a super-massive black hole (SMBH), which typically

has mass Mgy ~ 10_3Mgal where M, is the mass of the host galaxy [Magorrian et al.,

1998].

1.1.4 The Radiation

In addition to baryonic and dark matter components, the Universe contains radiation from
a wide variety of sources. Radiation of all types permeates intergalactic space in varying
energy densities, and is sourced from both baryonic processes over the lifetime of the
Universe, and primordial photons.

The dominant component of the intergalctic radiation is the Cosmic Microwave Back-
ground (CMB). This is relic radiation from the big bang, emerging from recombination
and the decoupling of photons from baryonic matter. Since its discovery in the 1960’s
[Penzias and Wilson, 1965] it has been found that the CMB encodes a wealth of information
[Tegmark et al., 2004; Planck Collaboration et al., 2014, e.g.], spurring on one of the most
fertile grounds for observational cosmology of the past 50 years.

In addition, baryonic processes at any point in the Universes history produce more
radiation. For example the cosmic UV, optical and IR backgrounds are mostly produced
by starlight, with contributions from AGN and dust/gas re-emission [Martin et al., 1991;
Lauer et al., 2020; Hauser, 2001]. Higher energy background radiation is produced by the
hot gas found in within galaxy clusters between the galaxies, and through material falling
into black holes (both regular and super-massive) via accretion, however the background

levels of these are extremely low, punctuated by higher flux sources throughout the sky.
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1.2 Cosmology: From the Big Bang to the Formation of
the First Stars

While section 1.1 addressed the structure of the Universe in terms of its contents, this section
will describe how these constituents evolved chronologically. The favoured model of how
the Universe evolves in time is Lambda Cold Dark Matter (ACDM) [Peebles, 1984]. This
is a model of the Universe which contains Baryonic matter in its various forms, Cold Dark
Matter —i.e. dark matter which allows formation of structure hierarchically, and a positive
cosmological constant — the Universe is expanding, and that expansion is accelerating.
ACDM parameters are constrained by measurements of the large scale structure in the local
Universe, and measurements of the CMB at redshift z ~ 1100 [Tegmark et al., 2004; Planck

Collaboration et al., 2016a] and other probes.

1.2.1 The Early Universe

At some small time after the Big Bang, the Universe can be simply described as incredibly

hot, dense, and almost uniform. This uniformity is not however, perfect: it contains
fluctuations of size around 1 part in 107> due to the quantum vacuum energy. At around

10736 seconds after the Big Bang, these fluctuations are blown apart by inflation, with the

Universe expanding by a factor of around 10?6

almost instantaneously. Inflation pushed
these fluctuations out of each others causation horizons, freezing them in place [Guth, 1981;
Liddle and Lyth, 2000].

As time goes on, these fluctuations became more and more extreme: under-densities
expand faster, becoming more and more under-dense; over-densities expand more slowly
due to the additional material present, eventually “turning around” and collapsing into halos
which will eventually go on to be the sites of star formation and galaxies.

At these early times, the energy budget of the infant Universe was almost entirely

photons. After 10 seconds have passed, electrons, protons, and neutrons have formed and

begin to form nuclei, but were unable to form into atoms due to the intense pressure and
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heat. As the Universe expanded and cooled more, the nucleons could combine into ions,
fixing the initial conditions for the Universes chemistry [Coc and Vangioni, 2017].

It then took some 370000 years for the Universe to be sufficiently cooled for these ions
to hold on to electrons. This process is known as recombination, and marks two major
changes. Firstly the Universe became populated by neutral atoms, rather than ionised gas.
Secondly, the photons now decouple from the baryonic matter, freely streaming throughout
the now almost transparent Universe. Cosmic expansion has redshifted these photons, from
the high energies of the early Universe (z ~ 1100, T ~ 3000K) down to today, where
they make up a blackbody with T = 2.73K: the Cosmic Microwave Background (CMB)
[Penzias and Wilson, 1965; Dicke et al., 1965].

The CMB is important because it is the furthest back in time it is possible to directly
observe — anything that happened prior to this can only be inferred by its imprint on the
CMB. This phase transition from an opaque Universe to a transparent one marked a huge

change in the composition of the Universe.

1.2.2 The Dark Ages

Post recombination the Universe largely contains neutral Hydrogen, photons which are now
not energetic enough to ionise said Hydrogen, dark matter, and dark energy. This period
is known as the dark ages, as the only photons streaming through the Universe are largely
low energy, rapidly redshifting through the infrared. The gravitational instabilities continue
to grow, forming more and more dark matter structures. So goes the dark matter, so goes
the Baryonic material: the Baryons are able to cool down via electromagnetic processes,
enabling them to lose energy and fall to the center of the budding dark matter halos, rather
than being distributed throughout.

Our options for observing the dark ages are very limited, however nature fortunately
provides us with an option. In a neutral Hydrogen atom, the electrons and the protons
dipole moments can be oriented in two possible ways: aligned (F = 1, excited state), or

anti-aligned (F = —1, ground state). The energy difference between these two states is
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small, but vitally it is non-zero, corresponding to a frequency of 1420MHz, or wavelength
of 21cm. This signal was observationally discovered in 1951, and was quickly used to map
the Milky Way’s spiral structure [Muller and Oort, 1951].

This transition is highly forbidden — the mean lifetime of the excited state is around

107 years, which means that only immense amounts of neutral Hydrogen can produce a
detectable signal. It is to our benefit that these are precisely the conditions found in the dark
aged Universe. In more recent years, powerful radio telescopes such as LOFAR have begun
the task of mapping the presence of neutral hydrogen during the dark ages [e.g Patil ez al.,
2017]. After around 500 million years, the baryonic matter at the center of clouds has had
enough time to congeal enough to form the first stars: a new source of short wavelength
photons. Thus ends the dark ages of the Universe, and the beginning of the Epoch of

Reionisation.

1.2.3 First Light and The Epoch of Reionisation

The dark ages are brought to an end with with the ignition of the first stars. At this time, the
Universes baryonic stockpile is almost entirely neutral. Ionizing radiation emanating from
these primordial star clusters begins to ionise the gas in their immediate surroundings.

At the time the first star formed, the entire Universe was filled with neutral, virtually
metal-free gas containing only the products of Big Bang Neucleosynthesis (Hydrogen,
Helium, and traces of Lithium-7) [Kawasaki et al., 2005]. Those initial stars which formed
from this primordial Hydrogen were thus similarly metal free — known as Population 111

stars.

This thesis will focus on galaxies within the Epoch of Reionisation (EoR). The EoR is
bracketed by two important events: the collapsing of pristine hydrogen clouds into stars
and galaxies, and the phase transition of the Intergalactic Medium from neutral Hydrogen
- opaque to UV photons, to ionized gas which allowed these photons to stream freely
throughout the Universe.

The beginning of reionisation is not well constrained. The beginning of the EoR
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corresponds to the ignition of the first stars, which have not been directly observed as of
the present. Constraints exist based on the cosmic star formation relations [e.g. Madau and
Dickinson, 2014], but as data simply doesn’t exist at early enough times, the process of

initial star formation — and therefore reionisation — is unknown.

Two scenarios (along with a sliding scale between them) exist for the beginning. Firstly,
young massive stars contribute most ionizing photons, which means the EoR must have
started much sooner, and more slowly built up.

Alternatively, large rare objects such as quasars can also produce ionizing photos, and
if they are the dominant source of said photons, the EoR can start much later - more like z
~ 10 [Madau and Haardt, 2015].

On the other hand how reionisation progresses from the halfway point is fairly well
understood. The Planck Collaboration’s constraints on electron optical depth place the
midpoint (50% of the IGM being ionized) of the EoR being at around z = 8 [Planck
Collaboration et al., 2016b].

The end of reionisation on the other hand is also difficult to measure, as the process is
quasi-asymptotic towards the end. Clouds of neutral Hydrogen which are the most distant
from ionising sources (i.e. galaxies) can persist potentially up to as late as z ~ 4 [Finkelstein,
2012], but their low 21cm flux at this stage means they are very hard to detect. One could
argue that the end of the EoR being defined as when the last cloud in the IGM becomes
ionised is largely academic, but it nevertheless remains a useful constraint for cosmological
simulations at intermediate redshift [e.g. Feng et al., 2016b].

Study of this period is a vital part of the universal star formation picture because even
small changes in the initial conditions of star formation can have large consequences for
how the Universe’s constituents subsequently evolved to the present day.

In addition, other than the trace amounts of Lithium created during nucleosynthesis, the
EoR is the beginning of the elemental enrichment of the Universe, as just like "standard"
core collapse supernovae, the deaths of the first stars produced all the chemical elements in

varying quantities. These very first stars — population III stars — are thought to be metal free,
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and potentially extremely massive and therefore short lived [Tominaga et al., 2007, e.g].
With the destruction of these stars through supernovae, we also see the first (non-primordial)
black hole formation, which seed the production of the super-massive black holes we see

evidence of in even the earliest observed galaxies.

1.2.4 The Ionised Universe

After z ~ 6, once the IGM is fully reionised, star formation continues to increase until
around redshift 2. Figure 1.4, charts the history of the rate of star formation over cosmic
time. As mentioned previously: in the EoR while there is plentiful material to construct
stars, it has not had time to properly coalesce into the dark matter halos that host galaxies,
and therefore while star formation in individual galaxies is very high, they are relatively
rare and thus the overall density is low. As time goes on this increases more and more, as
both the number density of galaxies and their star formation both get higher and higher.

Around z ~ 2, so-called cosmic noon, star formation is at its most intense, however it
begins to decline as cold dense gas becomes less plentiful.

As can be seen in figure 1.4, from 0 < z < 4 the cosmic star formation rate density is
is well constrained by a variety of observations, with a combination of rest frame Optical,
UV and far infrared observations. However at high redshift, the rest frame optical has been
largely inaccessible, as has the FIR. This lessens the strength of constraints there as only
unobscured star formation can be properly characterised (stellar mass and dust-obscured
star formation being highly model dependant and degenerate with other parameters without
that data). Additionally, due to the distances involved, UV selected samples of galaxies at
high redshift likely select against dusty objects, as their UV will be pushed below detection
limits. Similarly it is thought (e.g. Finkelstein et al. [2012], Dunlop et al. [2013]) that a
significant amount of star formation at these early times takes place in sub L* galaxies, the
number density of which is extremely hard to constrain — the slope of the luminosity function
beyond the knee can have a huge impact on the overall cosmic star formation density . One

of the largest motivations for ever more powerful telescopes in EoR science is to construct
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Figure 1.4: The cosmic star formation density (CSFd) as a function of redshift, as presented
in Madau and Dickinson [2014]. Purple, green and blue points are star formation rates
derived from rest frame UV luminosities. Red and orange points are from FIR luminosities.
Both use a Salpeter IMF. Solid line represents a best fit double power law.
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a more complete luminosity function [McLure et al., 2013; Coe et al., 2013; Ellis et al.,
2013], which would offer a much less biased picture of stars in the early Universe.

It should however be noted that although these z > 4 measurements possess a myriad of
challenges, and still have large statistical and systematic uncertainties, they have relatively
little impact on the global total star formation of the Universe. Only 1% of the stellar content
of the Universe present in the modern day was formed at z > 6. These measurements will
have a vital impact on the reionisation history of the Universe, but not so much on the

budget of stars.

1.3 Observing the Distant Universe

Galaxies in the distant Universe are challenging to observe for a myriad of reasons, however
if these challenges can be overcome, there is ample opportunity to push at the frontiers of
our knowledge. These galaxies are difficult to observe because not only are they at very
large distances from the Earth, but also — relative to present day galaxies — they have not
had the time to build up a large reservoir of stars, so while they might be bright objects in
the rest-UV thanks to their massive stars, the population are fainter in the rest optical &

near IR.

Cosmological redshift also serves to increase the degree of difficulty. Their rest frame
UV and optical emission is shifted into the near-IR. While some of the near-IR is observable
from the ground (< 2um), much of the longer wavelength emission is absorbed by the
atmosphere. In addition, as the atmosphere is so problematic in this regime, the capability
of instrumentation is much less mature. For galaxies z ~ 7 and above, the rest frame
optical and near-IR are entirely inaccessible from ground based observatories, limiting the
information we can glean from these objects. The alternative of course, is space based
observatories. While this is an ideal solution, they are notoriously expensive both in terms

of time and money, and thus their observing time is at a premium.
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1.3.1 The Astronomer’s Arsenal

As noted previously, the EoR and the galaxies which exist within are one of the frontiers of
our understand of how the Universe has evolved. Observations of this period rely on many
of the most advanced astronomical facilities ever built. This section will present a brief
overview of the telescopes most commonly used for this purpose, and the vital service they
provide to understanding the EoR.

The instruments can largely be divided into three categories, with individual telescopes
often containing cameras covering two or even all three categories. Those categories are
photometry or imaging, spectroscopy, and Integrated Field Units (IFUs). Photometry is the
most simple — light incident on the telescope is focused onto a CCD, which can be thought
of as a grid of collectors. Each photon generates charge which allows it to be recorded,
producing an image. Usually instruments have one or more filters, allowing the observer
to restrict the wavelength range of photons which are recorded. By taking multiple images
in this way, a rough approximation of the shape of the SED can be built up, and physical
parameters extracted by modelling the underlying SED. Photometry offers the advantage
of being able to probe the faintest objects by collecting together light over a wide range of
wavelengths. For the same reason, it is also very efficient in terms of observation time — it
will always offer the shortest exposure times of the three methods.

Traditional spectroscopy in some ways offers the opposite approach —rather than retriev-
ing spatial information but little wavelength resolution, traditional spectroscopy involves
dispersing the integrated light of an object (either by laying a long slit over the object, or
using an optical fibre to collect the light). This results in high wavelength resolution (often
measured by R = 1/AA1) but the light is averaged either over an aperture or the axis of the
long slit. In extragalactic astronomy, spectroscopy is the gold standard for data on an object,
as it can offer insight into the starlight via continuum emission, but more subtle aspects of
the SED than its general shape such as line emission. Prime examples of this would be dust

content (which can be measured much more accurately using relative emission line heights)
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or metallicity. Section 3.3 explores the measurement of physical parameters in this way,
and would be impossible without spectroscopy.

Early spectrographs could be used to observe only a single galaxy, or even, only part of
a galaxy, using a single slit. In doing so they often "threw away" much of the light actually
falling on the telescope making spectroscopic observations much more time intensive than
imaging. This significant reduction in aperture size combined with the narrow wavelength
binning both contribute to the time intensiveness.

Two evolutions of single-slit spectrographs exist. The simplest is multi-slit spectro-
graphs. These take the principles of single slit spectroscopy, and lay down multiple long
slits over different objects in a single field of view. While this can be effective, one must be
very careful with the geometry of the objects and the orientation of the slits — as they are
physically dispersing the light on the focal plane they dispersal patterns can easily overlap.
The second evolution, which takes care of this problem is fibre fed instruments. Essentially,
fibres are placed (either manually or robotically) at positions across the focal plane corre-
sponding to objects of interest. These fibres are then fed to separate dispersal mechanisms,
sidestepping the overlap issue entirely. Multi-object spectrographs (MOSs) are able to ob-
serve 10-1000s of galaxies simultaneously, dramatically improving their survey efficiency.
For example, the 2 degree Field (2dF) facility on the Anglo-Australian Telescope (AAT)
was able to observe 400 galaxies simultaneously over a two degree field. The Dark Energy
Spectroscopic Instrument (DESI) which recently (2019) had first light is able to observe up
to 5000 galaxies simultaneously.

The ultimate evolution of MOS systems are Integral Field Units (IFUs). These can be
thought of as a combination of imaging and spectroscopy. These devices take an image of
the object, but each pixel of the image is attached by optical fibre to a spectrograph. This
offers all the advantages of both imaging and traditional spectroscopy, and enables new
science to be done involving the spatial distribution of emission line flux in a galaxy. For
example, IFUs have enable the detailed study of galactic rotation curves by mapping the

redshift of emission lines across the galaxies disk. One example of a modern IFU is the
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multi-unit spectroscopic explorer (MUSE) on the Very Large Telescope. In its wide-field

mode MUSE is able to observe a 1 arcmin? field with 90,000 individual spectral elements.
It is however worth noting that modern IFUs are not yet a replacement for fibre-fed MOS
systems due to their small field of views. Examples include MaNGA, responsible for I[FU
data in the Sloan Digital Sky Survey [Bundy et al., 2015] and CALIFA, a project focusing
on using an IFU to map the the state and evolution of 600 nearby galaxies Sanchez et al.
[2012].

A final variation worth mentioning, which is particularly important for Hubble and Webb,
is slit-less spectroscopy, often referred to as Wide Field Slitless Spectroscopy (WFSS),
which combines elements of imaging and spectroscopy. WFSS works by adding a grism
to a traditional imaging camera. The grism diffracts the light producing a spectrum of
each object on detector. The chief advantage is that WFSS can easily be added to existing
cameras by either adding a second filter wheel containing the grisms or simply replacing
a filter by a grism+filter combination. This is particularly important where space is at a
premium, such in the space observatories like Hubble and Webb where a long arm of a
spectrograph would have logistical challenges. A second advantage is that WFSS systems
yield spectra of all objects in the field providing excellent completeness. The downside
is that the resulting spectra from objects often overlap both leading to confusion and a

significantly higher background limiting the sensitivity.

1.3.1.1 Hubble Space Telescope

For the past 30 years, the Hubble Space Telescope (HST) has been the flagship UV, optical
and near-IR (< 1.7um) space based observatory. HST is effectively a 2.4m reflector
telescope optimised for imaging, grisms and spectroscopy. The main instruments for EoOR
science are the Advanced Camera for Surveys, and Wide Field Camera 3 (WFC3). WFC3
has a wide variety of filters and grisms for observations in the optical and near-IR. It has
a field of view of 164” x 1647, with 40mas pixels. ACS offers similar capabilities: a

202” x 202" field of view with 50mas pixels.
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HST has produced a series of deep imaging campaigns which have revolutionised our
understanding of how the Universe has evolved. The Hubble Deep Field (HDF), Hubble
Ultra Deep Field (HUDF) and Hubble eXtreme Deep Field (XDF), and CANDELS, each
have the same philosophy or observing an area around 2 arc-minutes square for as long as
possible, in 9 bands, with the aim of finding the faintest objects. [Williams et al., 1996;
Beckwith et al., 2006; Illingworth et al., 2013; Grogin et al., 2011, respectively]

A novel approach used in the Hubble Frontier Fields (HFF) [Lotz et al., 2017] has been
to point HST at six low redshift galaxy clusters, using them to lens background objects.
This has the advantage of finding even fainter objects due to them being magnified, however

at the cost of vital morphological information, as the lensing models are quite uncertain.

1.3.1.2 Spitzer Space Telescope

The Spitzer Space telescope had a 16 year career stretching from 2003 to 2020. It is a near
to mid-infrared space telescope. At just 0.8m in diameter Spitzer lacked sensitivity and
angular resolution, but for its lifespan was unique in its above-the-atmosphere wavelength
coverage. The initial mission was slated to last 2.5 years, and after 6 years, Spitzer ran out
of liquid helium coolant. This left the longer wavelength channels unusable because the
thermal noise from the telescope itself overwhelmed any observations. Most of the high
redshift science carried out by Spitzer is thus based on the two shortest wavelength channels:
IRAC 1 (~ 3.6um) and IRAC 2 (~ 4.5um). These channels served as a perfect complement
to HST, providing access to the rest frame optical of bright high-redshift objects.

However, after the cryogen ran out, Spitzer also was producing valuable data taking long
exposures in its shortest wavelength 3.4 um and 4.5 um channels. For example deep imaging
of the CANDELS/GOODS-N field has revealed candidates potentially at z ~ 11 [Oesch
et al., 2016]. Spitzer detections of objects even just in the two IRAC channels available
are important because at at these extreme redshifts the rest frame optical is being probed,

allowing estimates of stellar masses.
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1.3.1.3 VISTA

The Visible and Infrared Survey Telescope for Astronomy (VISTA) is a 4.1m telescope
at the Paranal Observatory. The VISTA telescope has just one instrument — VIRCAM,

which is entirely focused on carrying out large area surveys of the sky in the near infrared.

VIRCAM is sensitive between 0.85 and 2.3um, and has a large field of view (~ 3deg?).
In the context of EoR science, VISTA is well placed to find rare, bright high redshift

candidates as it probes a huge cosmological volume with each pointing [e.g. Findlay et al.,

2012].

1.3.1.4 VLT, Keck and Subaru

The Very Large Telescope is an array of four 8m optical telescopes, which can be used both
separately — achieving an angular resolution of 50mas, or together as an interferometer,
giving unprecedented angular resolution: around 2mas [Le Fevre et al., 2005]. The VLT
is one of the workhorses of modern astronomy, conducting imaging, spectroscopy, single
object, multi object and integral field spectroscopy. VLT lacks the sensitivity to directly
observe most EoR galaxies, however it has managed to detect Ly-a emission lines in some
of the brightest sources at high redshift (z > 6) [Wisotzki et al., 2016].VLT is also ideally
placed to study analogues — galaxies with similar properties to the typical EoR galaxy, but
residing at much lower redshift. In section 3.5, the X-Shooter single object spectrograph is

used to analyse a sample of these galaxies. It is well placed to do this as it is a very wide

band spectrograph (from ~ 4000A — 17000A) which is designed with unusual objects such

as these in mind.

The W. M. Keck observatory (Keck) is another 8m class telescope array, which has
a pair of telescopes operating across the optical and near infrared sporting a variety of
instruments for imaging, single/multi object spectroscopy and integral field units. Keck
is one of the most sensitive instruments in the world, and one of the few ground based

telescopes capable of detecting high redshift galaxies. It is primarily used to provide
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spectroscopy of these objects at A < 2um, which at the redshifts of EoR galaxies provides
access to Lyman-« [Larson et al., 2020], along with a select few metal lines such as [Ciii]
and [C1v]. These observations are extremely useful for confirming the redshfits of objects
found via photometry, photometric observations are always vulnerable to artefacts and low
redshift interlopers. [Cm] detections — for example as found in Stark et al. [2017] — also
provide information about the gas: both its metallicity and the strength of the radiation field
it is exposed to.

Subaru is a very similar observatory to Keck, an 8.2m telescope which operates in the
optical and infrared. It is an instrument that — like Keck — is optimized for followup of high

redshift candidates, taking spectroscopy of Lyman-« and the rest frame UV metal lines.

1.3.1.5 ALMA

The Atacama Large Millimeter/submillimeter Array is a radio interferometer which came
online in 2004. It operates in the wavelength range 320 um to 3600um. 1t offers unparalleled
sensitivity and angular resolution in this wavelength range, however this is at the cost of
having a small field of view.

ALMA is used to characterise the dust content of EoR galaxies. The peak of dust
emission at temperatures consistent with modelling (10-60 K) [Casey et al., 2014] are
redshifted into the ALMA bands. Ideally one would conduct observations in as many bands
as possible to get data on either side of the peak, constraining the temperature, however
ALMA is notoriously competitive to get time on, so many observations are in 1 or 2 bands,
with dust temperatures fixed at some assumed value. Combining ALMA observations with
rest frame UV observations from telescopes such as Hubble or Keck can give more unbiased

estimates of their star formation rates, and thus the stellar assembly of the Universe.

1.3.1.6 Future Observatories: Euclid, Roman, Rubin, and the ELTs

The core of this work is to focus on making predictions of what future observatories are

going to see, and using these predictions to optimise tools to accompany the observations.
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Euclid Euclid is a space telescope with a mirror diameter of 1.2m which is set to launch in
2022. It will focus on observations in the near IR (0.6 um—2/mum). Euclid will provide both

photometry and spectroscopy, focusing on objects above z = 2. Euclid’s stated science goal

is to survey many (/sim10°My) galaxies, for research into dark energy, Baryon Acoustic
Oscillations and gravitational lensing. However more fundamentally, Euclid will provide
huge samples of galaxies to characterise the luminosity function at mid to high redshift
(z ~ 2 —8). As discussed earlier, understanding the evolution of the luminosity function is

vital to understanding the overall construction of stellar populations in the Universe.

Roman The Nancy Grace Roman Space Telescope (Roman), formerly the Wide Field
InfraRed Survey Telescope (WFIRST), has similar operational statistics to HST, with a
2.8m mirror and operating across the optical and near-IR. It is set to launch in 2025. Roman

will however have updated instruments compared to Hubble, the main confirmed one being

a wide-field instrument with resolution comparable to Hubble but with a 0.28deg? field of
view. This telescope is ideally outfitted to carry out surveys deep into the Universes past,
finding more of the relatively rare super-L* objects at high redshift, whose number counts

are vital to characterising the bright end of the EoR luminosity function.

Extremely Large Telescopes The European Southern Observatory’s Extremely Large
Telescope (ELT) is a ground based observatory under construction in Chile, close to the
Paranal observatory and the VLT. The ELT has a 39m primary mirror, supported by adaptive
optics and laser guide stars in order crate an unprecedented level of flux sensitivity and
angular and spectral resolution. Instruments will operate from the optical into the mid-
infrared, and will provide imagine, object and integral field spectroscopy with incredible —
although weather dependant — angular resolution, up to Smas in ideal conditions. The ELTs
extremely small field of view (10 arc-minutes across) but exquisite sensitivity and resolution
make the ideal complement for Euclid, Roman, and other wide field survey telescopes

[Gilmozzi and Spyromilio, 2007]. In addition to the ELT two other ELT-class telescopes
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are under development: the Thirty Metre Telescope and Giant Magellan Telescope offering

similar, capabilities.

1.3.1.7 Future Observatory: James Webb Space Telescope

The James Webb Space Telescope (JWST, Webb) is a next generation flagship space tele-
scope, set to launch in December 2021. It will have many varied science goals, but one of
the major ones is characterising the assembly of galaxies in the first billion years. Webb will
carry out similar observations in scope to the Hubble Space telescope — it has a comparably
sized (2.2' X 4.4’ in the case of NIRCam) field of view, with significantly improved angular
resolution at fixed wavelength. In addition, thanks to a 6.5m diameter mirror it will offer
improved sensitivity by a factor of 10.

Webb has four instruments, NIRCam, NIRSpec, NIRISS, and MIRI, all of which will
make a contribution to EoR science. NIRCam is a wide field near infrared camera, operating
from 0.6um to Sum, and will be the primary imaging camera aboard the telescope. It
offers significant optimisations to maximise observation time, for example a splitter prism
separates light at 2.5um, which can then pass through two separate filters to detectors,
effectively doubling imaging efficiency. NIRCam also a WFSS capability allowing it to
obtain low-resolution near-IR spectra of sources, albeit with lower sensitivity. NIRISS is
similar to NIRCam but with a focus on the shortest wavelengths < 2.5um and a stronger
emphasis on WESS. NIRSpec has the same spectral coverage as NIRCam, but offers medium
to high resolution (R ~ 100 - 2700) multi object spectroscopy. To do this NIRSpec employs
an array of microshutters, which can be independently opened and closed depending on
target positioning. In addition, NIRSpec sports an IFU 3” x 3” in area with 900 spatial
elements, each 100mas in size. Finally MIRI offers longer wavelength ( 5um to 28um )
imaging and integral field spectroscopy with R ~ 3000. While providing significantly lower
sensitivity than the other instruments MIRI provides the opportunity for rest-frame optical
imaging of z > 8 galaxies for the first time.

Webb will offer improvements over existing observatories in almost very aspect of
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observing EoR galaxies. The improved sensitivity at longer wavelengths over e.g. Spitzer
will allow both detections of bright galaxies with redshifts of greater than 10, and also
at lower redshifts, allow progress down the faint end slope of the luminosity function,
exploring the contribution to from these fainter, lower mass galaxies to the timeline of

reionisation.

For EoR galaxies, Webb will offer improved sensitivity, allowing detections of even
higher redshift galaxies than currently known. Pushing further back into the EoR will go
further to completing the picture of early star formation in the Universe. Another angle
of attack provided by Webb will be a push into the rest frame optical of EoR galaxies.
Previously, the most powerful observatory offering photometry in the micron range was
Spitzers IRAC channels. Often a galaxy detected in Hubble’s J and H bands (z > 7) would
not be supported by these rest frame optical observations (which are redshifted beyond
Hubble’s IR wavelength coverage), only giving us data on the rest-UV — we can tell how
many stars are currently forming, but have very little information on the reservoir of stars

already built up.

1.3.2 Measuring the Physical Properties of Distant Galaxies

Observing high redshift galaxies is challenging for three reasons, all of which compound
each other. Firstly, these galaxies are often intrinsically faint in the optical as they have
not had the time to build up the large amounts of stellar mass we see in galaxies in the
contemporary Universe. Secondly, these galaxies are found at extreme distances, further
reducing their apparent brightness via the inverse square law. Finally the surface brightness
of objects drops off rapidly with redshift - oc (1 + z)™4 - due to the Universe’s expansion, a
result which is almost independent of chosen cosmology [Hogg, 1999].

Further frustrating efforts, the redshift moves most of the stellar emission from the
UV and optical into the near infrared. This radiation is much less able to penetrate the
Earth’s atmosphere, even further reducing the brightness, and severely limited the number

of telescopes able to detect them from the ground. The obvious alternative is space
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telescopes, but coverage of the near IR from space is patchy (awaiting the launch of Webb)
so assembling large samples is extremely difficult. Fortunately, there are various techniques
we can exploit in order to find high-z galaxies, confirm they are in fact at high redshift, and

say something about their properties.

1.3.2.1 Detections and Redshifts

As discussed earlier in section 1.1.2, even the present day Universe is awash with Hydrogen

gas clouds, both inside (the ISM) and in between galaxies (the IGM).

Neutral Hydrogen atoms can be fully ionised by any photon with A < 912A, which
are produced in plentiful supply by high mass stars. This ionisation process has a very
high cross section, so even small amounts of neutral material will severely attenuate short
wavelength photons. In addition, the stellar atmospheres also provide significant absorption
of these short wavelength photons, resulting in this break being visible even in the spectra

of individual stars.

It can be seen in the spectra of individual O/B/A class stars that their stellar atmospheres
attenuate this radiation significantly, and any neutral ISM can further suppress these photons.
Due to these effects when one constructs photometry of a galaxy at low redshift in the UV, a
significant break is visible, known as the Lyman break. At 912angstrom a galaxy suddenly
increases in brightness by several orders of magnitude, and stays at that approximate
brightness throughout the UV and optical.

This can be exploited to pin down the redshift of a galaxy — if we increase the distance

between observer and galaxy, all of the light gets redder by a factor (1 + z), therefore the

Lyman break moves by this same factor — the break is now located at (1 + z) - 912A. These
galaxies are thus known as Lyman drop-outs [Steidel et al., 1996]. While other techniques
are viable for the location of high redshift galaxies (e.g. radio observations [Shao et al.,
2019]), Lyman drop-out searches are very effective at finding galaxies via blind surveys —
one can point a powerful optical/near IR telescope at any quiet part of the sky and expect to

find high redshift galaxies as long as the detection limit is low enough.
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Additional details must be considered before applying this technique. At intermediate
redshifts (0.5 < z < 6), strong absorption lines appear in the wavelength range 912A <

A < 1216A. These lines arise from clouds of neutral hydrogen in the IGM at intermediate
redshifts between the source galaxy and the observer, as yet not reionised by reionisation.

Each cloud encountered extracts photons in some small wavelength range around to ~

1216A /(14 ze10uq)- If the object is at high enough redshift, there are so many of these clouds

that effectively the entire wavelength range is eaten away, completely moving the Lyman

Break from 912A to 1216A in the rest frame. This is known as a Gunn-Peterson trough, first
predicted in the 1960s [Gunn and Peterson, 1965], and observationally confirmed by quasar
detections in the Sloan Digital Sky Survey [Becker et al., 2001]. This doesn’t present a huge

problem however, in fact it can be thought of as advantageous for our purposes, because it

simply provides a single sharp break at (rest frame) 1216A at high redshifts.
We can thus use the Lyman break to estimate the redshift of galaxies. If one wishes to

search specifically for high-z galaxies, one would typically wish to run a photometric survey,

focusing on wide filters that continuously cover a spectral range around (1 + z) - 12164,
where z is the approximate redshift to be focused on. The strategy is generally to not only
capture the objects in red/NIR bands, but also non-detections in bands bluewards of the
break help to minimize the number of low-z interlopers, which can include intrinsically red
galaxies, and even M-class or brown dwarf stars in our own galaxy [Wilkins et al., 2014].
Figure 1.5 shows an example of a how a low redshift interloper can appear to be a
high redshift galaxy. In the top panel is a BPASS [Eldridge et al., 2017b] Simple Stellar
Population (see section 1.1.2.4) with an age of 107 years and metallicity log,, Z = —2.4. It
has then been artificially redshifted to z = 8.0. The bottom panel is another BPASS SSP,
but is significantly older with an age of 108 years and the same metallicity, this SSP has
been redshifted to z = 1.74. The dashed lines correspond to the theoretical locations of the
Lyman break (red) and Balmer break (green) respectively in the observational frame.

If one were to observe this pair of galaxies to a depth where one could acquire detections
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Figure 1.5: Example spectras: a ¢t = 10”years, z = 8, and log,, Z = —2.4 SSP (top panel);
and a z = 1.74, t = 10%3years, and log,, Z = —2.4 SSP (bottom panel). In this example
the Lyman break of one galaxy coincides with the Balmer break of the older, lower redshift
galaxy. If the shorter wavelength observations (grey bands) are not deep enough, and signal
is only acquired in the bands redwards of the break (yellow bands) then differentiating
between these two cases can be challenging.

redward of the break (yellow bands), but did not have sufficient depth to make detections
blueward of the break (grey bands), one would struggle to distinguish between these two
cases — has one made an observation of a z = 1.74, low star formation galaxy, or a highly
star-forming z = 8.0 galaxy?

One angle of attack is to examine the colour of the detection bands. In this example the
colour y; — y, — where y, are the yellow bands as numbered from short to long wavelength
—is red in the low redshift solution, and blue in the high redshift solution. However, this can
be muddied if significant amounts of dust are present, which will redden the high redshift
spectra, making the two solutions completely degenerate if spectral coverage only extends
to the rest-frame UV at the higher redshift.

This technique is commonly formalised by the use of colour-colour diagrams. The

principle behind these diagrams is to use three filters with pivot wavelengths 1) < 4> < A3,
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and construct a plot of m| —my vs. my —ms3, where my, my, ms are the apparently magnitudes
in each of the three filters. Approximately speaking, galaxies with their Lyman break lying
somewhere between filters 1 and 2 to have extremely red m| — m; colour, and blue or neutral

my — m3, due to the reasoning above.
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Figure 1.6:
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Example of high redshift galaxy selection using a colour-colour criteria. Blue

tracks represent the expected paths in colour space which star-forming galaxy spectras (with
varying UV continuum slopes 8 = fracd log;, F, d4, a common proxy for dust content) take
as their redshifts are increased. Red tracks represent the same concept, but for various types
of low-redshift interloper. Green hatched region in the bottom right panel represents the
possible location of low-mass stars . Black data points are measured in the HUDF field,
with those lying in the grey shaded area being selected for high-redshift galaxy candidacy.
Figure reproduced from Bouwens et al. [2012a].

One can be more careful about this by using SED modelling. By constructing synthetic

spectra of star-forming galaxies, and galaxies likely to be interlopers from lower redshifts,
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one can repeatedly apply the following transformation for many different redshifts —

A= (1 +2) (1.6)

Fy,(2) = F,(Ao(1 + 2)) (1.7)

where Ay is the rest frame wavelength, and F) is the flux density at a given 1. By
remeasuring the photometry at each step, one can track how the galaxy moves in the two-
colour space that has been constructed. By finding areas of the space traversed by the
star-forming spectra, but not by the interloper spectra, one can build an efficient selection
criteria for EoR galaxies.

Figure 1.6 [Bouwens et al., 2012a] shows an example of this in action.

1.4 Simulating the Distant Universe

While observations are important to understanding the Universe, they are merely descriptive
unless they can be tied to physics. Development of theoretical modelling is just as important
to understanding the Universe as observation.

When we talk about theoretical modelling in the context of galaxies, it can largely be
split into two types: Cosmological simulations model how the Universe as a whole evolves,
and what the distribution of its contents would look like at a given time. The rest of
the section will be dedicated to briefly outlining their workings. The other major type of
theoretical modelling we will be concerned with is SED modelling, which is concerned
with modelling what the SED from a galaxy with known physical properties would look

like. SED modelling will be addressed in the following section 1.5.

1.4.1 Analytical Cosmology Models

What can be considered the progenitor of all modern simulations are analytic models which
take a volume expanding according to the Friedmann Equations, with an ideal gas of self

gravitating mass particles within [Press and Schechter, 1974]. They show that although the
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Universe on large scales is governed by the rules of General Relativity, it is effective to
treat particle-particle interactions as Newtonian. One such example is the PressSchechter
formalism which finds that the distribution of masses under these conditions are self-similar,

a function of the from [Press and Schechter, 1974]:

l-a\ 2
M ) (1.8)

nr(M) oc M™17 . exp | —const. x (

where ng(M) is the number density of objects of mass M at some expansion factor R, and

a is an adjustable parameter that depending on the amount of variance in initial particle
positions, ranges between % and % This form of distribution is now commonly known as a

Schechter function, and is commonly used for the distribution of dark matter halos, galaxy

masses, and even galaxy luminosities.

1.4.2 Dark Matter Simulations

Unfortunately, analytical models like the PressSchechter formalism don’t capture the full
complexity of even dark matter structure formation, let alone the interactions of baryons.
A first step in the road to fully self-consistent galaxy formation simulations are then dark-
matter only (DMO) simulations. In virtually all DMO simulations the dark matter is
assumed to interact solely via gravity, dramatically reducing the computational complexity

on simulations.

In brief, a box is created with some initial conditions at a very early time: an initial mass
distribution; divided equally into particles, typically of constant mass, periodic boundary
conditions, and some box size. Depending on the science question being addressed the size
of box can vary from a few Mpc to many Gpc, i.e. from the scale of the local group to that
of the entire observable Universe, and even beyond. Similarly particle masses range from

as low as a few hundreds or even tens of solar masses to billions of solar masses for the

largest simulations.

The collection of particles in the box is then evolved in time, expanding according to
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Friedmanns Equations [Friedmann, 1922]. Although General Relativity (GR) is required
to obtain these equations for the boxes evolution, the particles are typically only considered
to interact according to Newtonian gravity, as GR corrections on the force between them

are small.

Evolving the set of particles in time requires calculating the net force on each particle
due to every other particle, and then updating the velocity and position in a finite time step.
The choice of time step impact of the accuracy/precision of calculation and computational
cost - a large time step would result in a loss of precision/accuracy while a small time step
will add significantly to the computation cost, resulting in lower-resolution and/or box size
for the same computational effort.

In the simplest implementation the net force on each particle is obtained by calculating

the force due to every other particle in the simulation. However, such a process is computa-

tionally inefficient, scaling as O(N?). It is however possible to reduce this to ~ O(n log(n))
using one of two, or a combination, methodologies: hierarchical algorithms, and particle

meshes.

Hierarchical algorithms functionally take the particle for which the force is being cal-
culated for, and form a set of cells around it - small cells at small distances, and increasing
in size with the distance we move away. Forces are then calculated for the cells as a whole,
thus only needing single calculations for large groups of particles at long distance, while
still maintaining individual force pairs of particles at short range.

Particle meshes work by dividing the space into discrete small cells, and calculating the
gravitational potential on the grid by sampling the particle density in Fourier space, and

using the resulting potential to calculate the force on each particle.

Modern Simulations Modern simulation codes (e.g. Springel [2005]; Schaye et al.
[2015]) often adopt a hybrid approach, using a hierarchical approach at short range, and
particle meshes for long distance forces and the periodic boundary conditions, which are

handily handled for free due to the mathematical properties of the Fourier transformation
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Figure 1.7: A slice through the DMO Millennium simulation [Boylan-Kolchin ef al., 2009]
showing the distribution of dark matter particles.

for periodic functions.

Figure 1.7 shows an example of a slice from the Millennium simulation ??, a famous
DMO simulation. This shows that dark matter accumulates in a complicated (cosmic)
web or foam like structure with the highest densities lying at the intersections or nodes of
filaments and sheets. The filaments and sheets surround areas of relative emptiness called

voids.

Dark Matter Structures In the highest density regions dark matter particles form col-
lapsed virialised clumps, or halos — virialised meaning that the halo as a whole satisfies the
virial theorem 27" = —U where T is the total kinetic energy of the particles within the halo,
and U is the total gravitational potential energy of the same particles.

These halos join together over time, forming larger and larger main halos with sub-halos
inside. These collapsed halos contain the majority of the mass of the Universe, while being
the minority by volume. Figure 1.8 shows a simplified sketch of how these structures are

assembled.
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Figure 1.8: Sketch of hierarchical dark matter structure formation.

Structure Finding These halos must be detected within the simulation before they can
be used for analysis, and a variety of techniques exist for doing this, for example Friends-
of-Friends (FOF) algorithms [Efstathiou et al., 1985]. Broadly speaking, this class of halo
finder works by linking all particles together such that for any particle in the set, all of the
other particles lie within some distance / — often called the linking length. One can adjust
the linking length in order to find structures of different sizes, and form these structures
into hierarchies by examination of which smaller scale structures link together to form
larger ones (for example, which individual virialised DM halos belong to a larger DM halo,
indicative of a galaxy cluster). Several alternatives for identifying collapsed structures also
exist, for example making use of the full 6D phase space (position and velocity) information

to separate spatially coincident, but dynamically independent, halos.

1.4.3 Semi-analytical Models

Because they do not simulate the baryons (stars, gas, super-massive black holes) dark
matter only simulations do not produce galaxies. This means that they cannot (in most
cases) provide enough information to directly compare with observations, the exception

being the results of weak lensing surveys which can probe the distribution of matter in three
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dimensions.

To produce galaxies from a dark matter simulation it must be combined with additional
modelling. These models are called Semi-Analytical Models (SAMs) and were the first true
galaxy formation models. SAMs work by analytically associating dark matter halos with
baryonic content, which can be subjected to processes such as cooling, star formation etc.
This allows the possibility of assignment of stars, gas and even black holes to the underlying
DM halos, creating a population of galaxies allowing comparisons with observation

Like all models involving baryonic physics much of the physics is still not fully un-
derstood, and the parameters are poorly constrained. For example, a key assumption in
many models is the amount of thermal and mechanical energy injected into the ISM by
supernovae explosions. With the right choice of parameters SAMs have been demonstrated
to match many observations, however a physical motivation for these choices isn’t always
trivial to extract [e.g. Henriques ef al., 2020].

While SAMs are being increasingly replaced by cosmological hydrodynamical simula-
tions (see below) they still benefit from being much less computationally expensive. This
allows a much wider range parameters and changes to the physics to be explored. For this
reason SAMs are currently better able to match some key observations such as the galaxy

stellar mass function.

1.4.4 Hydrodynamical Simulations

A more direct technique than that found in semi-analytical models is to spatially track
components of the Universe and to let them evolve naturally with time. Hydrodynamical
simulations begin with some physically motivated distribution of baryons and dark matter,
and self-consistently follow the evolution of this in time. Gravitational forces bring the
material together, forming dark matter halos, stars and galaxies in as realistic of a way as
possible. The major advantages of hydrodynamical simulations over simpler models such as
semi-analytics is that they can include processes which affect the baryons other than gravity.

Examples include gas cooling and heating via radiative transfer, metal enrichment from
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supernovae (which affects rates of cooling), the formation of stars driving off surrounding gas
via strong radiation fields from young stars and supernovae, the formation of supermassive
black holes, and their effects on their host galaxies (for example their feedback quenching
star formation). Finally, higher order effects such as the mergers of galaxies can be modelled
self-consistently, which can offer insight into the buildup of large galaxies at any point in
the Universe’s history.

Hydrodynamical simulations are much more computationally expensive because they
are producing all of this from "first principles" — a distribution of baryons and dark matter
is given some physical rules to follow (such as gravity, and fluid dynamical equations) and
then everything falls out of that, unlike SAMs which commonly use observed distributions
to approximate conditions. Because of how computationally intensive this can be, hydrody-
namical simulations must trade off between resolution (the mass of an individiaul "particle"
of dark matter or baryons"), volume (the size of the simulation volume initially, this will
expand according to general relativity as the simulation evolves), and timescale (both the
redshift of the initial conditions and stopping redshift).

With increases in computational power and code efficiency however it became possible

to simulate cosmologically useful (> (25 Mpc)®) volumes with sufficient resolution to
simulate galaxies. Two of the first projects to achieve this milestone were the EAGLE

[Schaye et al., 2015] and Illustris [Vogelsberger et al., 2014] projects, each of which

simulated ~ (100 Mpc)® resolving galaxies M, ~ 108 M.

Unlike DMO simulations combined with SAMs, fully-hydrodynamical simulations pre-
dict the full distribution of dark-matter, gas, stars, and super-massive black holes, alongside
all of their properties. Figure 1.9 shows a slice through the EAGLE simulation showing
both the distribution of gas and stars.

Since these projects simulations have increased in resolution and/or volume and explored
a wider range of physics.

In addition, the self-consistent modelling of radiation fields including their coupling

to baryons has been folded into these simulations in recent years. This is particularly
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Figure 1.9: Slices through the EAGLE simulation showing the distribution of gas (colour
coded by temperature) and the distribution of stars.
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important in the low-mass high-redshift Universe where external photons can photo-ionise
a halos baryons suppressing star formation. The addition of radiative transfer in this way is
vital for the modelling of the epoch of reionisation, as it is largely driven by the interaction

of strong radiation fields with neutral hydrogen [e.g. Feng et al., 2016a].

1.5 Marrying Simulations and Observations with SED

modelling

Simulations are intrinsically tied to modelling, as the simulation only tracks galaxies at

relatively low resolution, often in ~ 106 M, “particles”. To convert these into a luminosity
or a flux to predict what observations would look like, one must model the light that these
particles would give out. Notably, this is the reverse of the process of SED fitting — we
observe the light that a galaxy gives out, and must infer the physical properties that produced
said light. Simulating the light from galaxies and SED fitting therefore, can be thought of
as the reverse processes of each other

In this section we will discuss two important aspects of SED fitting. Firstly model
generation: what effects do each ingredient of a galaxy outlined in section 1.1 have on the
overall SED? and for a given set of models of these components and parameters, how does
one generate an SED in practice? Secondly, we will discuss model fitting techniques: What
is the best algorithmic approach to comparing a generated model to the observations? How
do we make progress better than change at converging to the best set(s) of parameters? and
What is a sensible metric to use to compare between the two?

This section will be dedicated to discussing the general techniques involved, and later

chapters will go into the specifics of the models used therein.

1.5.1 Generating Model Galaxies

Model generation is very much the starting point of any attempt to put Astronomical

observations into context. At its core, model generation takes as an input a set of models

46



for dust, starlight, and gas, and a list of parameters for each, and outputs an SED of a
synthetic galaxy with those properties. This SED is then degraded to the same state as the
observations — either the resolution of the spectra is reduced, or it is convolved with filter
transmission curves to generate photometry — in order to be compared to them by some

metric.

1.5.1.1 Starlight

In order to generate starlight, it is most common to use a technique called Stellar Population
Synthesis (SPS). The construction of one of these models involves building it up from
building blocks called Simple Stellar Populations (SSPs), which assume a single metallicity
and age, which are in turn built from individual stellar spectra (for various reasons discussed
below these stellar spectra can be empirical or synthetic, each offering various advantages
and pitfalls ).

An SSP at its core is a model describing a population of stars that are born according to
some initial mass distribution called the Initial Mass Function (IMF) as described in section

1.5.1.1. These stars will have a fixed set of chemical abundances and all have the same

(fixed) metallicity. The SSP then describes how the SED of these stars evolves with time.

SSPs require significant input from stellar theory and observation, which is beyond the
scope of this thesis, however it should be noted that each of these components brings with
it uncertainties of varying size. Discussion of this can be found in paper such as Bruzual et
al. [2019] and Eldridge and Stanway [2012] .

An SSP contains three essential ingredients - an IMF to provide the initial distribution
of masses, denoted (®(M)), a library of stellar spectra (fi.;;), and finally a numerical
description of the evolution of stars in time in the form of an isochrone library (determining
the relationship between the effective temperature 7, s ¢, surface gravity g, and mass M of a

star at a some fixed metallicity Z and age ¢.

47



Initial Mass function The initial mass function (IMF) is the mass distribution of the stars
in an SSP at the time of formation (¢ = 0). Itis vitally important because even small changes
in the distribution of the stars can have large changes in the resulting SED, especially at
young ages. However, the IMF is very hard to isolate observationally. An SSP is an
approximation of how stars form in the real world, and finding populations that are truly at
age zero to census their population is not really possible. This leaves a myriad of unknowns
about the IMF - its precise form is uncertain, and whether that form is even universal in
time [Wilkins et al., 2008] or across different galaxies environments is something that is
uncertain [Jefdbkova et al., 2018]. Specific formulations of the IMF are discussed earlier

in section 1.1.2.4.

Isochrones Isochrones describe contours of fixed age and metallicity that stars of varying
mass occupy in Temperature-Luminosity space (known as a Hertzsprung-Russell diagram).
They are fairly simply constructed from stellar evolutionary theory (which again, will not
be discussed here except for how it pertains to SSPs as a whole).

Many tables of these isochrones exist in the literature, which all roughly work in the
same way - by specifying an age and metallicity of a population, the track in effective
temperature and bolometric luminosity space is defined.

A common problem here is that there are many isochrone tables to choose from, each
derived in different ways, producing slightly different results. This is compounded by the
fact that not all of the various libraries cover the entire age/metallicity space, so for the
purposes of galaxy SED construction, different libraries must be “stitched" together. This
can be difficult because assumptions about the stars themselves (such as their rotation and
interior physics) cause the stars to turn off the main sequence at different times, resulting
in potential inconsistencies in the isochrones at the boundary [Conroy and van Dokkum,
2012; Paxton et al., 2011].

Canonically, most SSPs are constructed using the Padova Isochrone library, which is

supported by the Geneva models at particularly young ages for their specific handling of
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high mass stars.

Stellar Spectra Once the IMF and isochrone sets have been used to determine the proper
mass, temperature and luminosities of a set of stars at a fixed age, a library of stellar spectra
can be used to convert these properties into a set of SEDs. Similarly to stellar isochrones, the
biggest challenge here is the stitching together of various existing libraries. These libraries
fall into two large families - theoretical libraries created from numerical simulations of
single stars, and empirical libraries obtained by spectroscopy of nearby stars.

Theoretical libraries have the advantage of being able to arbitrarily sample the space
— even rare and exotic species such as the largest O stars or Wolf-Rayett stars can be
modelled with relative ease. These spectra are not vulnerable to observational effects
such as atmospheric absorption and don’t require flux calibration. Spectra can also be
produced to almost arbitrary spectral resolution, so effects that arise from under-sampling

are minimised.

There are however two major issues with the use of theoretical spectra. Firstly, solar
models such as Kurucz (2011) are still unable to reproduce all of the spectral lines found in
very high resolution solar spectra.Missing these spectral lines can result in severe discrep-
ancies to the point where these model spectra cannot be used to recreate broadband SEDs
. Often these libraries are corrected manually for the cumulative effect of these extra lines

on broad band photometry [Coelho et al., 2007].

ml(t)
Fssp(t.Z) = / St (To 1 (M), g(M) |1, Z)D(M)dM (1.9)

m0

where M is the initial mass of a star at t=0, ®(M) is the IMF as outlined above, fy.;; is a
stellar spectra of star with mass M at time ¢ and metallicity Z. The use of the isochrones is
wrapped up in the stellar spectra, defining the effective temperature 7, ; r and surface gravity

g fora given M, t and Z.
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Example SSP Spectra These SSPs are typically provided as black boxes to users, and
there are a large variety on the market with various choices and assumptions in the ingre-
dients already built in. Commonly used modern examples include Bruzual and Charlot
[2003] (bc03), Maraston [2005] (MO05), and Eldridge et al. [2017b] (BPASS).

One must be careful when choosing which SPS models to use for this reason, as some
assumptions (such as rotation of stars and binary systems) can turn out to be important for
the starlight of a galaxy as a whole under certain conditions.

In Fig. 1.10 and Fig. 1.11 we show examples of the spectra of single stellar populations
with various ages and metallicities. Fig. 1.10 shows the evolution of the SSP SED with age
forboth Z = 0.01 and Z = 0.001. As a simple stellar population ages the most massive, and
thus most luminous and hottest (at least on the main-sequence) stars progressively move off
the main-sequence. This leaves the SED progressively fainter and redder: in the UV the
luminosity drops by a factor of ~ x10,000,000 as the population ages from ¢t = 1Myr to

t = 10Gyr. In the optical/NIR the decline is less steep by still sees a decrease of ~ x10,000.

Fig. 1.11 shows the effect of metallicity Z = 107> — 0.04 (x4000 change) for 3 different
ages (t = 10, 100, 1000 Myr). The effect of metallicity is much less important than age, but
does have a significant effect on the UV, and specifically the Lyman Continuum (hydrogen
ionising) emission. This in turn will have a significant impact on the strength of nebular

line emission.

Composite Stellar Populations Once a set of SSPs has been (carefully!) chosen, they
can be used to build up Composite stellar Populations (CSPs) which are considered to be a
reasonable approximation of real galaxy populations. The main task is then to decide how
each of these SSPs should be weighted according to their age and metallicity.

From section 2.2.1.1, it is natural to weight these SSPs by the SFH of the galaxy
[Behroozi et al., 2013], but it is unclear how best to properly treat the metallicity distribution
of the stars. Chapter 4 will address a variety of choices that can be made both for the SFH

(SFR(t)) and P(Z,t), the metallicity distribution.
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Figure 1.10: Luminosity of BPASS simple stellar populations with metallicity Z = 0.01
(left) and Z = 0.001 (right). Populations range in age from 1Myr (top, purple) to 10Gyr
(bottom, yellow). As SSPs age, the young stars die off, causing them to become overall
redder and reduce in bolometric luminosity.
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BPASS t = 10 Myr BPASS t = 100 Myr BPASS t = 1000 Myr
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Figure 1.11: Luminosity of BPASS simple stellar populations with fixed ages 10Myr (left),
100Myr (center) and 1Gyr (right), and varying metallicity from Z = 107 (top, purple) to
Z = 0.04 (bottom, green). The presence of metals causes reddening of the SSPs, and a
slight reduction in luminosity. At young ages the reddening can boost continuum emission
atd > 4000 as the spectra are so extremely blue at low metallicity.

These elements are combined together thus:

fesp(t) :/ /oo SFR(t—1t)-P(Z,t -1 fssp(t',Z) - Ddt’ dZ (1.10)
0o Jo

where fssp is the spectra of the SSP as defined in equation 1.9, SFR(z) is the star
formation history, P(Z,t) is the distribution of metallicities and fcsp represents the spectra
of the resulting composite stellar population, that is - the emission from a galaxy purely
from the stars. The integration variables and limits are ¢ - the age of the Universe at time of
observation (i.e. a proxy for the redshift of the galaxy), ¢’ the infinitesimal age interval of
the stellar population, and Z, the metallicity.

While there is much debate on the proper treatment of star formation histories, the
treatment of metallicity is often reduced to simply the use of a single value across all ages
- a o-function. More advanced techniques of fitting an age dependant metallicity do exist
[Tojeiro et al., 2007, e.g.], but a thorough exploration of this will be deferred to the bulk of

chapter 4.
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1.5.1.2 Dust

As discussed in section 1.1.2.3 interstellar dust is made up of grains of organic material.
Dust has two major effects on the emission from galaxies. Firstly the dust suppresses light
in the UV-NIR portion of the spectra, absorbing some wavelength dependant fraction of the
stellar photons in this range. The second effect is a large amount of thermal emission in the
far IR due to the reprocessing and remission of this energy.

Modelling attenuation (especially photon scattering) is an extremely difficult process,
but typically produces a transmission curve 7(4, ®) as a function of wavelength, and contains
some set of parameters ® which encode a variety of other factors. These models are
generated both theoretically [Charlot and Fall, 2000] under certain sets of simplifying
assumptions, or empirically for a certain class of galaxy, for example Calzetti [2001] is
derived from the observations of local starburst galaxies.

These attenuation curves are most simply presented as a transmission fraction — a
simple multiplicative factor at each wavelength which states the fraction of light which is

not removed by the dust that is, dust models are added into stellar populations thusly:

Frobs(d) = frcsp(A) - T(4,0) (1.11)

At wavelengths longer than 10um or so, a galaxies dominant component in terms of
emission is the dust grains. The overall emission of these grains results from their exposure

to the overall light emitted from the other components.

1.5.2 Fitting Techniques

Generating models is only part of the process — the other aspect of SED fitting is inferring
the physical properties of the observed galaxies must be based on generating models which
produce similar mock observations. This can similarly be divided up into two parts — what
metric can be used to make quantitative statements about the quality of a model reproduction

of observations? and what algorithm(s) can be used to efficiently find areas of parameter
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space that produce these high(er) quality reproductions, as opposed to searching the space
systematically or at random?
The former question is much more simply answered than the latter. By exploitation of

the central limit theorem, the difference between a data point generated by the model model

and the same point in the observations is y? distributed:

N (0 — m:)?
X2 _ Z (0; O_:nl) (1.12)

where N is the number of data points, o; represents the observations with index i and

error o5, and similarly m; represents that same observable but as generated by the model.
x? for a model which reproduces the data well are ~ N, as this represents an average 1
error-bar deviation from the observations. Significantly higher y?s suggests a model which

does not appropriately fit the data, whereas significantly lower y?s can mean the model is
over-fitted: there are too many free parameters to be justified by the type and quality of data

available, and the model is (at least partially) fitting the noise.

The probability of a given x? value being produced by chance, P, is:

-1 00
Pp= [z(d/Z)r (g)] / t(d/z_l)exp[—t/Z]dt (1.13)
)(2

where d represents the number of degrees of freedom, I" is the gamma function — the
extension of the factorials to non-integers, and ¢ is simply a dummy integration variable.
This implementation of y? also assumes no prior knowledge, which is the most common
situation when considering SED fitting — throughout this work we assume flat priors on all
2 fits.

The other problem, concerning the efficient traversal of parameter space, is more com-

plicated to answer. If one was to naively to approach this problem, one could take each
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parameter, and step through some reasonable range of values, carrying out a systematic
grid search over an N-dimensional box. However this is extremely inefficient — fitting N
parameters with ranges divided into s steps results in an algorithm with efficiency O(s").
For anything more than a few parameters this quickly becomes infeasible, and most of the
runtime of the algorithm is used computing models which are highly unlikely to be even
close to the solution. This problem can be mitigated in one of two ways — by reducing the

dimensionality of the parameter space via the use of template galaxies, or by intelligently

moving through the space.

1.5.2.1 Template based fitting

Template fitting is a commonly used technique for SED fitting, which rather than traversing
parameter space, uses a set of pre-generated models, some linear combination of which
are used as the overall model. The overall parameters of the model can then be computed
from the known template parameters and the weights. Template fitting is often deployed
in SED fitting codes optimized for speed, and can allow establishment of the basic facts
about a galaxy (i.e. its redshift and order of magnitude stellar mass) in a matter of seconds.
This technique is typically used on photometry only, as emission lines require many more
parameters, and thus many more templates in order to get a good model.

We begin with a vector of the photometric observations with components F,;, where i
is an index running over the filters which the observations were made. The set of template
spectra T;(4) are then convolved with the same filters, resulting in a matrix Tj; where i runs
over the filters as before, and index j runs over the different templates.

The choice of galaxy templates is not an easy choice. The set that is chosen needs
to cover the parameter space sufficiently such that it is possible to represent the observed
colours with some linear combination of templates. For example if every template has a red
g — r colour, but the observations are blue in these filters, then it is impossible to model this
galaxy with this set: no non-negative linear combination of red colours will ever produce a

blue colour. The choice of templates is therefore vitally important.
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Once we have chosen a set of templates, the following algorithm is applied in order to
find the probability distribution of redshifts, and the best fit stellar mass at this redshift.
Other parameters such as dust content can be derived from the properties of the templates
and their weights, however this is not advisable because degeneracies and co-variances in

these parameters are not taken into account.

1. startat zp = 0, and define some finely spaced redshift up to z = z,,,4, grid to step over,
and a vector of the observations F,,i, where index i runs over the filters observations

were performed in.

2. redshift the all the model spectra by factor z, and convolve with the filters, to obtain
matrix T,j, with each entry representing the normalised flux in filter index i for

model spectra index j.

3. invert the matrix equation F; = w - T,, solving for a set of weights w using an
implementation of the non-linear least squares algorithm - it physically does not

make sense to have negative weights for these templates as they represent

4. calculate y? (equation 1.12) between the model and the observations, a measure of

the goodness-of-fit of the model.

5. store chi” and the calculated vector of weights w.
6. If z < Zyax, increment z, and go to (2.) Else, if z = z,,4x proceed to (7.).

7. All post-processing, e.g. calculation of most likely redshift, stellar mass can be

performed on this list of y? values. Terminate algorithm here.

Once the )(2 as a function of z has been calculated, equation 1.13 can convert this into
a probability distribution P(z).From this probability distribution, we define the following

“best fit” parameters:
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2 = |7 zP(2)dz (1.14)

Zm : [ P()dz = % (1.15)

7, : value of z where P(z) is maximised (1.16)

where z;, zyandz, are the mean, median, and mode (maximum likelihood) redshifts
respectively. Galaxies which both have plenty of good quality data, and are well represented
within the template space, typically have one, roughly Gaussian solution, and z,, = z,, = 2.
However, especially in the context of EoR galaxies, this is rarely the case. Commonly, high
redshift galaxies only really have one defining feature — the break. As was discussed earlier
— and as demonstrated in figure 1.5 — it is common unless the signal to noise in detected
bands is very high to end up with a bi-model PDF: a high redshift star-forming solution and
a low redshift, more quiescent solution.

In this situation these definitions can become less useful —if the solutions are comparable
in probability, the mean and median will pick a compromise redshift, applicable to neither.
The maximum likelihood on the other hand, will only take into consideration the larger of
the two modes, completely ignoring the less probable — but still potentially very significant
— smaller mode. Extreme care must therefore be taken when data is of poor quality.

Other parameters are calculated in a very simplistic way, for example if the mass of each
model template is known, we can define a vector of those masses Mx;, and calculate total

stellar mass in the following way:

Nlemplute

My, = > wM; (1.17)
J

where wj is the vector of best fit weights as calculated in step 3 of the algorithm above.
Other parameters such as the star formation rate can be calculated in a similar way if the

information is known about the templates.
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1.5.2.2 Monte Carlo-Markov Chain

Monte Carlo-Markov Chain (MCMC) is a technique by which parameter space with many
dimensions can be efficiently sampled. Specifically for our purposes, we have a set of
observations, and many parameters controlling what a model spectra will look like. We wish
to find the optimal parameters (or locus of parameters) which will recreate the observations
as closely as possible.

Rather than pre-computing some well chosen models and using a combination, Monte-
Carlo methods involve the random sampling of a parameter space, and in principle can be
used to solve any problem with a probabilistic interpretation. Monte-Carlo analysis usually

proceeds in the following way.

1. Choose a set of input parameters ® randomly from a probability distribution, and

generate a model with those parameters.

2. Perform some computation on the inputs - for example a y? calculation or an ac-

cept/reject criteria

3. Aggregate the results in some way - which parameter set is the best fit? What is the

ratio of acceptances/total trials.

Monte-Carlo methods effectively involved trial and error, and is largely inefficient — if
the sampling finds a good model by chance, it simply moves on, picking another random
location in parameter space. Monte Carlo methods are therefore rarely used in isolation.
They are commonly combined with Markov Chains — a chain of trials where each step is
probabilistically dependant on the previous step. This combination, known as MCMC, is
extremely powerful, able to sample parameter space efficiently to find solutions.

Most common MCMC algorithms are variants of the Metropolis-Hastings algorithm,

which proceeds as follows:

1. Generate an initial guess of parameters ©
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. Calculate the probability that this set of parameters matches the vector of observations

F,. In our case we do this by evaluating the y? probability distribution P(x2|N,ps)

where N, is the number of filters we have observations for.

. We now generate anew guess Qqest according to some compact probability distribution

Q(Oesr; ®) around O - for example, a multidimensional Gaussian - and calculate the

probability P( thest || Nops) -

. a) If P(x2,,|Nobs) > P(x*|Nops), we "accept” the new set of parameters. We set ©
t0 Otest.

b) If P(x2 ;| Nobs) < P(x*|N,ps), we reject the guess, leaving @ as it is. However, with
some probability we accept this guess anyway. This is so that even if we have found
a good solution, we will continue exploring the space. This probability in principle

can be anything (with a probability of 1 simplifying the algorithm to a Monte Carlo

p(Y|D) Q(X(t);Y))

approach). However what is most commonly used is min (1, S(XOID) 0T-X0)

. We store O, and repeat steps 3 & 4 many times, storing each ®. The better a guess

0 is, the more likely the algorithm is to store it multiple times.

. The samples generated by this algorithm are distributed according to the true posterior
of the parameter space, thus the posterior can be approximated based on these samples.
For a large number of samples this will approach the true probability distribution of

the parameters.

It is uncommon to use the original Metropolis-Hastings algorithm as listed here. If the

posterior PDF is not well behaved (for example bi-modal), then the algorithm is vulnerable

to settling local minima if the size of the distribution governing the new choice of ® in step

3 is too narrow. As it is impossible to know if this is the case a priori, modified versions

of this algorithm are used for most practical applications, usually making many draws in

parallel which then interact with each other so that a global picture of the posterior is built
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up. A full discussion of the algorithm used in this work — the affine invariant ensemble

sampler Goodman and Weare [2010] — is deferred to section 2.3.1.

60



Chapter 2

Interrogator

This chapter introduces the INTERROGATOR spectral energy distribution fitting code. We
begin in Section 2.1 by describing the motivation for INTERROGATOR’s development. In
Section 2.2 we describe the INTERROGATOR code, including its SED generation model
(§2.2.1) and inference engine (§2.3). In Section 2.4 we document INTERROGATOR’S testing

before, in Section 2.5, providing a summary and outlining potential future development.

2.1 Motivation

In the context of early galaxies, the quality of data has rapidly improved in recent years,
especially in the near infrared and is only set to leap forward again with the advent of
the Webb telescope. Alongside this, there must be a similar improvement in modelling
techniques, in order to fully take advantage of the data being produced.

As outlined in section 1.5, this conversion between photometric fluxes or spectral data
into physical properties of a galaxy is achieved using SED fitting. Historically, this has been
accomplished using template techniques — create known stellar mass/dust content templates
using local observations or simulations, then taking non-negative linear combinations of
the templates to fit the data [Brammer er al., 2008; da Cunha et al., 2008], and allowing
estimation of the redshift, stellar mass and dust content. As discussed, this method is
computationally fast, and can produce impressive results, especially for the redshifts of

galaxies which have their Lyman/Balmer breaks represented in the data. However the
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information this type of analysis can supply is limited — parameter spaces outside of this are
highly non-linear, and many parameters are degenerate. For example one of the most well
known degeneracies is that between redshift, stellar age, dust and metallicity. These four
parameters can have very similar effects on the rest frame UV-NIR, and depending on the
templates used in such an SED fitter, the result can fall down very certainly in some area of
the parameter space simply because others are not properly spanned by said templates.

Another limiting factor of modelling is the stellar physics models which go into making
templates & SPS models. These have also improved vastly with time, taking into account
more and more stellar atmospheric effects, and the effects of a star being in a binary on its
overall spectra [Eldridge ef al., 2017b]. We thus get a process where stellar observations get
better, which provide more information with which to improve stellar population models,
and these improved models are used to improve SED fitting as the models now more closely
match reality.

In order to make progress combating these myriad issues, a new generation of SED
fitters have emerged, which aim to take a much higher dimensional parameter space, and
traverse it in an efficient manner using MCMC or similar algorithms — see section 1.5.2.2 for
more details. This chapter will chart the development of INTERROGATOR, an MCMC based
SED fitting code designed to maximise flexibility in model choice as much as possible.

INTERROGATOR is unique in the SED fitting space, filling a few important niches: firstly,
the code is designed out of the box to be optimised for the fitting of EoR galaxies, using the
most current versions of the BPASS SPS model, which takes into account many effects which
are of vital importance in young stellar populations. Secondly, the code offers flexibility
to switch out models arbitrarily as they are updated and/or as needed. This is important
for the exploration of modelling assumptions by carrying out fits to the same data with
different models, and for comparison with literature by re-creating the conditions which
other work was carried out. Finally, INTERROGATOR also uniquely supports distributions
in age-metallicity space, generalising the traditional star formation history plus uniform

metallicity used in other SED fitters. Chapter 4 explores this implementation in detail and
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Model Grids

Model
Parameters

Figure 2.1: Flowchart of the structure of the INTERROGATOR code. The code is largely split
into two major modules: An SED generator, which takes model assumptions such as an
SPS library, an IMF, a dust model shape, and a SFH shape, along with relevant parameters
and turns them into a spectra. And an inference engine, which is used to find the optimal
parameters to match a set of observations. Section numbers discussing each part of the
code are found below their labels in the figure.

what effects it has on SED fits to simulated galaxies.

This chapter will therefore break down INTERROGATOR into its constituent parts, and
discuss how each is specifically handled within the code. Figure 2.1 is a flowchart showing
the overall flow of the code, with appropriate section references added for where they are

found in the main body.
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2.2 The Interrogator Code

In section 1.5.1, we discussed how to generate an SED from a set of model parameters in
general. In this section we will outline how INTERROGATOR accepts a set of parameters,
and outputs a spectra and/or photometry set. We then will detail how INTERROGATOR uses
it’s inference engine to fit these models to data, and solve for probability distributions in

parameter space.

2.2.1 SED Model Generation

In order to fit data with models, we first must be able to generate convincing model galaxies
from a set of physical parameters. Precisely which parameters go into this set depends on
the models being used — while some such as some description of the star formation history
are common across all choices, some others are not always present, for example the star
formation history can feature almost an arbitrary number of parameters if one has enough

data to support them.

2.2.1.1 Stellar Emission

The generation of stellar emission is arguably the most important aspect of SED modelling
— it is the base on which the other effects are applied. It is also a component which is subject
to significant modelling uncertainty, because it is reliant on underlying stellar models.

In Section 2.2.1.1 we briefly described how, through the procedure of stellar popu-
lation synthesis, the spectra of simple stellar populations (SPSs) are assembled from the
combination of isochrones, stellar spectra, and a choice of initial mass function.

There are a range of SPS models available in the literature, each of which makes different
choices or assumptions for the isochrones, stellar spectra, and/or IMF. Some models. For
example some include more detailed modelling of rare (but seemingly important) phases of
stellar evolution [Maraston, 2005] or include the effects of binary star interactions Eldridge

et al. [2017b].
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In practice each of these models provide a grid of stellar spectra for different ages and
metallicites for one or more IMFs. The specific choices of ages and metallicities for the grid
vary from model to model, with some models providing relatively sparse grids and others
providing a much more comprehensive library.

By default however, INTERROGATOR uses the BPASS [Eldridge et al., 2017b], an SPS
model which is ideally placed for the generation of model EoR galaxies for a few reasons.
Firstly and most prominently for purely stellar SEDs, BPASS does not treat all of it’s stars
as individual entities. Stars are allowed to form binaries, which has large effects on the
ionising spectra, which naturally has important consequences for reionisation. Secondly,
BPASS features extremely metal poor, high mass stars which are thought to be found in
early galaxies. As stellar luminosity scales so steeply with stellar mass — an effect which is
even more stark in the UV, young, high mass stars are vitally important to the overall UV
spectra of the galaxy.

However, it is important to stress that the core philosophy of INTERROGATOR is flexibility
and the code can, and does, employ a range of models. Chapter 3 will feature a practical
application of this flexibility.

Each model also presents these spectra in a different file format, though many simply
provide a single ASCII file for each SSP. Further, models use a range of different wavelength
resolutions with some models providing spectra at resolution varying as a function of wave-
length. Finally, each model has different unit conventions for both the wavelength/frequency
grid - with , nm, ym, m, and Hz all used - and the luminosity - with Jy, nJy, W, erg s7! and
erg s~ Hz™! all utilised. Most SEDs are normalised to 1 M, but some assume 10° M.

Our first task is to integrate these models into the INTERROGATOR code is to harmonise the
unit choices and collect each grid of spectra into a single machine readable (Python pickle

file) for efficiency. We use wavelength in units of and describe the spectra using the spectral

luminosity density (L,) with units erg s~ Hz~!. We normalise each SED to assume a mass

of formed stars of 1 Mg. We do not however alter the resolution or age/metallicity grid; the
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main code takes these into account in subsequent calculations. This grid is mathematically
described by LI.S].SP where i, j are indices running over the number of age and metallicity bins

respectively.

As discussed in 2.2.1.1 these grids of SED can be combined together, through a star
formation and metal enrichment history (SFZH), to produce the SED of a composite stellar
population.

Within INTERROGATOR the the SFZH is implemented as a grid with the same dimensions
as the SPS model age/metallicity grid. Each grid point denotes the amount of (initial) mass
associated with each age and metallicity. Mathematically, y; ; denotes the amount of (initial)
mass in the ith age bin and jth metallicity bin.

The composite stellar SED is then simply the sum of the product of the SSP SED Ll.sjSP

and the SFZH grid y; ;-

LX) = )" Lij()5Pyy, 2.1)
L,j

In principle every grid point of the SFZH could be left as a free parameter to be fit by the
model, and indeed, INTERROGATOR has this capability. However, for our primary usage - the
analysis of broadband photometry - this will not only result in unphysical over-fitting but
will dramatically increase the computational requirements. Like many SED fitting codes
INTERROGATOR can instead adopt a simplified parametrisation of the SFZH of the users

choice.

The most common simplification is to adopt a constant metallicity independent of age
(i.e. Z = Zp), decoupling the star formation history and the metal enrichment history.
Figure 2.2 shows an example of these SFHZ grids for a variety of different star formation
histories. More complicated star formation and metal enrichment histories require the
provision of an analytic formula describing the amount of star formation as function of age
t and metallicity Z, ¥(t,Z). Armed with this it is then possible to calculate the amount

of stellar mass, in each age/metallicity bin by simply integrating across the bin, in both
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dimensions. In chapter 4 we formulate a more sophisticated possible model for use on high
redshift galaxies, influenced by the analysis of the BLUETIDES cosmological hydrodynamical

simulation.

It is important to note here however that SPS typically do not provide SED integrated
across an age bin but at a specific midpoint age. Were the spacing between bins large this
would lead to a systematic bias. Fortunately most SPS models are output using a relatively
fine age grid mostly mitigating this issue. We therefore define the bin edges over which the
SPS spectra applies as t; — 0.5(t; — t;—1) and ; + 0.5(¢;+1 — ¢;) for the upper and lower limits
respectively, defining the metallicity bin edges in the same way. The exceptions to this are
the first and final bins: for the lower bins we define the age and metallicity limits as ¢t = 0
and Z = 0 respectively, and for the final bins we define the maximum as ¢; + 0.5(¢; — t;,_1),
again defining the metallicity overall upper limit in the same way.

As noted above, with both the SPS SED grid and SFZH we can produce a composite
stellar SED. Figure 2.3 shows example composite stellar SEDs assuming a constant star
formation history.

An important physical property of a galaxy is the total mass in stars, M,. While naively
this might be thought of as being equal to the sum of the SFZH grid this is not the case
as the values in this grid are the initial mass. The reason for this convention is that SPS
models are typically normalised by the initial mass and not the current mass. Over a stellar
populations lifetime some fraction of the initial mass will be returned to the inter-stellar
medium, this is dependent on both age and to a lesser extent the metallicity. Fortunately

most SPS models provide this remaining fraction flrjem

The current stellar mass can then be calculated by simply summing the product of the

star formation and metal enrichment history and this grid, i.e:

My= ) iy £5™. (2.2)
Lj

This is automatically calculated and recorded by INTERROGATOR for utilisation later.
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Figure 2.2: Example SFZH grids assuming the BPASS model age and metallicity bins,
with constant metallicity log;, Z = —2.0 and varying star formation histories. Top row

shows constant SFHs with durations of 100M yr and 1Gyr, second row shows SFHs with

time constants 7 = 10Myr and 7 = 100Myr. Final row shows a delayed tau model:

SFR « texp—t/T with 7 = 100M yr.
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Figure 2.3: The pure-stellar spectra of a M, = 10® Mg, that constantly formed stars over
100 Myr with Z = 0.001 generated by INTERROGATOR from the BPASS SPS model.
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2.2.1.2 Reprocessing by Gas

Unfortunately, not all light produced by stars escapes unimpeded from galaxies, some, and
in some cases most, is reprocessed by gas and/or dust in the inter-stellar medium of each
galaxy. Gas excited by nearby hot/massive stars results in the creation of nebular Hi1 regions
which are dominated by strong emission lines with an underlying continuum.

To model nebular emission in INTERROGATOR we combine the SPS SEDs with the

cLouDpY photon-ionisation model [Ferland et al., 2013]. For each age/metallicity bin, we
treat the pure stellar spectra as the incident spectra on a nebular region with some parameters
encoding geometry and composition. We assume that the composition of the nebular regions
mirror the stars it is being illuminated by, as the young stellar populations will have formed
out of this material itself.

For the fiducial model we assume parameters of ny = 100 cm™ and log;n Q = -2,
and assume that there is an almost zero Lyman-continuum escape fraction, effectively
calculating the maximum nebular contribution.

Using these parameters we compute a single SED grid of the output nebular emission
over the same age and metallicity bins. While in principle we could compute many nebular
grids, and include ngy,log,, Q as parameters in fits, this significantly adds to computational
expense which is unnecessary for photometric observations as the effect is small. It is
important to note that these parameters can be important for predicting the exact flux of
emission lines however, and when comparing to spectroscopy re-computation of grids with
other parameters can be a valuable exercise.

Example SSP SEDs including maximum nebular emission fesc = 0 are shown in Fig.
2.5 for a range of ages and metallicities. As nebular emission is mostly driven by the
amount of Lyman-continuum photons it is only important at young ages (¢ < 100 Myr) and

is enhanced at lower metallicities.

Because we know that some fraction of ionising photons must escape the ISM of high-
redshift galaxies in the default implementation of INTERROGATOR we then introduce a free

parameter, the Lyman-continuum escape fraction fesc, which can either be fit or fixed.
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Figure 2.4: The normalised spectra of an SSP with maximum fesc = 0 nebular emission for
a variety of ages and Z = 0.001 (left) and Z = 0.0001 (right). The faint lines show the pure
stellar emission.
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Instead of re-running cLoupy on-the-fly (which would be computationally prohibitive
—a croupy call is a factor of ~ 10 slower than a single call to the rest of the model) or even
building a grid for different values of f. we assemble our composite spectrum L* * "¢” as

the addition of a pure stellar component, and a component affected by nebular attenuation.

That is:

L* +neb(/l) — fescL* +(1- fésc)(L;F" + Lneb) 2.3)

where L* is the pure-stellar emission as if there were no nebular component, Ly is
the stellar emission transmitted through the surrounding gas predicted by cLoupy, L™ is

the nebular continuum plus line emission and L*** is the resulting composite stellar and

nebular emission.

In Fig. 2.5 we show the SED of a galaxy formed assuming 100 Myr of constant star
formation with fi. € {0,0.5,1}.

In Figure 2.6 we show the same spectra as Fig. 2.5 but also show the resulting
Webb/NIRCam fluxes at z = 7, demonstrating the impact of nebular emission on broadband
fluxes. For this SFZH the addition of nebular emission boosts broad-band fluxes by up-to
0.2 dex. More extreme star formation and metal enrichment histories (e.g. exponentially in-
creasing with time and/or lower metallicity) will produce an even larger effect. This clearly
demonstrates that including nebular emission is crucial to accurately inferring stellar masses

and other physical properties.

2.2.1.3 Reprocessing by Dust

Dust has a large effect on the overall SED, especially in the UV, and optical with attenuation,
and the far infrared with re-emission. Asdiscussedin Section 1.5.1.2, dust curves are derived
in a variety of ways, but ultimately boil down to a function which acts as a multiplicative
factor on the un-attenuated spectra produced by starlight & nebular emission combined.

The exact form on this function depends on the amount of dust, the grain size distribution
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Figure 2.5: The spectra of a dust-free M, = 103 M, that constantly formed stars over 100
Myr with Z = 0.001 and assuming fesc € {0,0.5,1}. The bottom panel shows the difference
relative to fose = 1.
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Figure 2.6: Observed NIRCam fluxes of the same model galaxy shown in Fig. 2.5 assuming
Jesc = 1 (no nebular emission / gas reprocessing) and fesc = 1 (maximum nebular emission).
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of the dust, and the assumed geometry between the stars and dust.

INTERROGATOR is capable of using a range of dust models, both fixed in shape (with
normalisation only) and flexible (with one or more shape parameters in addition to normal-
isation).

The simplest possible model here is the simple screen. This model assumes that the
dust is arranged in a uniform thickness screen between stars and observer, i.e. that all

stellar populations in the galaxy feel the same attenuation. In this case the total spectrum

L*+neb+dust is simply,

Lrneb + dust gy — prneb gy s (), (2.4)

where 7 is the dust transmission function. 7y is related to the optical depth,

Ta(A) = exp(=7a). (2.5)

7, itself can have a number of forms, though one of the simplest is,

/1 -
T, = —Tp (/l_o) (2.6)

where 1y is the optical depth of the dust at some normalising wavelength 1y and « is some
free parameter describing the slope of the curve. Ay is often chosen to correspond to the
rest-frame V-band (5500). A common choice for @ is 0.7 which mimics the shape of
several literature attenuation curves. Alternatives for T;(A) include extinction curves such
as those applicable for the Milky Way (MW) or Small Magellanic Cloud (SMC). Figure
2.7 shows the wavelength dependence of dust extinction and attenuation curves built into

INTERROGATOR.

In Figure 2.8 we demonstrate the effect of dust assuming our simple power-law model
(assuming @ = 1) on the constant star forming SED (with f.sc = 1) shown in Figure 2.5. In
Figure 2.9 we show how the choice of dust-curve or slope with fixed 1y affects the overall

SED.

One popular alternative to simple model is the empirical dust attenuation law as derived

in Calzetti [2001]. This law is derived from the observation of nearby starburst/blue compact
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Figure 2.7: Dust extinction and attenuation curves built into INTERROGATOR. Shown are
curves commonly used from the literature [Nataf, 2018; Pei, 1992; Calzetti, 2001] and a
simple power-law parametrisation and varying slope a.
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Figure 2.8: The same model galaxy as shown in Fig. 2.5 but with dust attenuation. Taking a
power law dust curve with @ = 1.0 as shown in figure 2.7 at various different normalisations
Ty, and convolving it with the model galaxy show the effect of adding more and more of
the same type of dust to a galaxy.
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Figure 2.9: The same model galaxy shown in Fig. 2.5 but with dust attenuation assuming
log;, 7v = —0.5 but different dust-curve slopes (top) and literature curves (bottom).
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dwarf galaxies, using their UV continuum slope and Balmer decrements to empirically fit

a dust curve which takes the form:
k(1) = AQ)/EB-V)., =a+ bl +cA? +da—3 (2.7)

where a, b, c&d are constants which are over piece-wise wavelength ranges.
While the Calzetti model is largely a variant of a simple screen model, it formally treats
nebular emission differently from stellar emission requiring that these two components be

separated inside the code.

Charlot & Fall A popular alternative model, implementing a more realistic geometry is
that developed by . In this model young stars are embedded in their "birth clouds" and thus
feel an additional source of attenuation compared to older stars, which are only affected by

dust in the diffuse ISM.

The innovation of this model is treat young and old stellar populations differently,
reflecting the observation that young stellar populations are often still embedded in their
birth-cloud, and thus subject to greater attenuation.

The total transmission 7 is then written as the produce the birth-cloud and diffuse ISM
transmission,

Ty = Tism X Tc (2.8)

where crucially all stars feel the same Tisy but only young stars feel 7gc. Mathematically,

this is described by,

Toer — exp(—tpc) iff < g,
BC = 1.0 ifr > tpc,

where tpc are the transmissions through the ionised and neutral gas in the birth cloud

respectively and fgc is the timescale over which the birth cloud is assumed to have an effect.
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In the CFO1 model t¢ and 1igm were assumed to be power laws,

TBC = TBC (ﬁ)_aBC

TISM = TISM (m

In the original CFO1 model agc = agsm = 0.7 and 7g¢ = 2 X Tism. The separation between

the young and old components was fixed to be 107 years. This model is implemented in
INTERROGATOR but it is disfavoured because it contradicts the use of the escape fraction

parameter.

Pacman Model INTERROGATOR can use the default implementation of the CFO1 model but
makes two generalisations providing additional flexibility. Firstly, agc and ajgym can have
independent values and can even be left as free parameters. Similarly, 7g¢ and Tigy can be
decoupled and both left as free parameters. Secondly, in the nebular section, we introduced
Jesc as a free-parameter to allow some fraction of the Lyman-continuum emission to escape
the galaxy. As dust and gas are coincident with each other such a model only makes sense if
the dust also has a similar open channel allowing photons to escape unimpeded by both gas
and dust. As such, the default dust model in INTERROGATOR is a modified implementation
of the CFO1 model. A schematic of this "PACMAN" model is shown in Figure 2.10.

Implementing this dust-model in INTERROGATOR requires that we separate both the
young and old stellar population (defined potentially a free parameter, but by default fixed
chosen to be 107 years) and the light which is able to freely escape from that which is
reprocessed by dust and gas. Figure 2.11 shows the total SED and both the young and old
components assuming fesc = 0 and no dust. Figure 2.12 shows the same as Figure 2.11 but
shows the spectrum for a galaxy forming stars over 10° years.

Figure 2.13 now shows the total SED and both the young and old components assuming
with dust log;y(7v) = —0.5 and fese = 0 and foc = 0.2. log;((7v) is however no longer the

total actual V-band attenuation but is only the V-band attenuation felt by the old component.
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Figure 2.10: Structure of the default dust-model in INTERROGATOR a modified version of
the Charlot & Fall (2001) model.

81



—

26.0 1 1 1 1 1 1
2.8 3.0 3.2 3.4 3.6 3.8 4.0

logyo(A/ A)

Figure 2.11: Dust attenuation of young and old stellar components assuming fesc = 0 and
no dust.
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Figure 2.12: The same as Figure 2.11 but now assuming constant star formation for 10°
years to emphasise the contribution of the young component.
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2.2.14 Reprocessing in the IGM

The final effect we need to account for, before calculating observables, such as broadband
fluxes and spectra, is absorption by the diffuse intergalactic medium (IGM) along the line-
of-sight to each galaxy. While mostly ionised the IGM contains some neutral gas in clouds

capable of absorbing radiation from distant galaxies and quasars.

Firstly, any residual emission falling below the Lyman-limit (912A) will be rapidly
absorbed. However, by the time a a photon emitted by a galaxy at zg, has reached the
cloud at z¢jouq it will have lost some energy and may no longer fall below the Lyman-
continuum when it reaches the cloud. As a consequence, not all the Lyman-continuum
radiation escaping a galaxy will necessarily be absorbed by intervening clouds. The effect
then clearly depends on the distribution of clouds along the line-of-sight.

In addition to the absorption of Lyman-continuum photons intervening clouds can also
absorb light at various electron transitions, most prominently the Lyman-series, and in
particular Lyman-a. However, for the same reason as described above, the location of the
line absorption in the emitted rest-frame will depend on the redshift separation of the cloud

and galaxy. The result of multiple discreet clouds along the line of sight will then be the

imprinting of a series of lines on the emitted rest-frame spectrum, at Apegt < 1216A. Where
this process is incomplete the spectrum appears dominated by multiple absorption lines

giving rise to the Lyman-a forest. At high-redshift (z > 7) the density of absorbers and

thus lines is large enough to effective remove all the photons at Ades < 1216A, becoming
the Gunn-Peterson trough.

At least at z < 7 where the effect is incomplete, the effect will be unique to each galaxy
as the line travels through a unique set of clouds. However, the effect can be statistically
modelled with several implementations in the literature. For INTERROGATOR we choose
to utilise, by default, the prescription of Madau et al. (1996). However, in-line with the
philosophy of INTERROGATOR, this can be easily replaced with an alternative.

To demonstrate the extent of this effect in Figure 2.14 we show the transmission function

84



1.0 1

NNNNNNN

(LT T (O T T
© 000U W

0.8 1

0.6 1

Tiem

0.4 1

0.2 1

VS

i

600 800 1000 1200 1400
MNA

0.0 1

Figure 2.14: The IGM transmission predicted by Madau et al. (1996) as a function of
redshift.

Tigm as a function of rest-frame wavelength for our default implementation. As expected,
due to the increasing neutral fraction at high-redshift, the transmission fraction drops
precipitously, with less than 10% of the photons between the rest-frame Lyman-limit and

Lyman-a transmitted.

2.2.2 Mock observations

Our final step before comparing with observations is the creation of mock observations.
In the context of spectra, this would require degrading our SEDs to the resolution and
wavelength range of the observed spectra. While the analysis of spectra from all of Webb’s
instrumentation will be of interest to high-redshift astronomers, high-quality spectra will
only be available for the brightest galaxies at these redshift. With this in mind our focus is
on interpreting broad-band photometry/imaging which can be obtained much more cheaply

thus allowing us to probe to lower-luminosities and thus star formation rates and stellar

masses.
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Imaging, or broad-band photometry, is obtained using filters which selectively only
transmit light through a relatively narrow range of wavelengths. Each filter or band is
characterised by a transmission function 7. Many of the transmission functions of filters
on existing or upcoming observatories are shown in Fig. 2.15.

To determine the flux in a particular filter F,; we must multiply the observed spectrum

/v by the filter transmission function 7. To appropriately normalise the flux:

~ [ Taifda

= 2.9
[ Tyda )

Within INTERROGATOR this is achieved by first, at initialisation, loading all the relevant
filters and mapping (interpolating) them on to an observed wavelength grid. Each model
SED, with knowledge of the redshift, is then mapped to the same observed grid and the
integration described in Equation 2.9.

An example of both the model observed spectrum and the broadband fluxes using

Webb/NIRCam are shown in Figure 2.16.

2.3 Inference Engine

Within the context of INTERROGATOR the inference engine’s purpose is to characterise the
probability distribution of the parameters, based on the observations and any other prior
knowledge that is present. A variety of techniques exist for doing this, with various
advantages and disadvantages — the most common in this application are discussed in
section 1.5.2.2. INTERROGATOR uses a specific type of Monte Carlo Markov Chain (MCMC)

algorithm called affine invariant MCMC.

2.3.1 EmMcEE and Affine Invariant MCMC

Affine invariant MCMC is a solution to the problem of it being unclear exactly how one

should adjust various hyper-parameters for the specific problem being solved. The most
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Figure 2.15: Examples of filter packages included in INTERROGATORDY default as transmis-
sion fractions as a function of wavelength. HST filters shown are broad band filters from the
Advanced Camera for Surveys [Sirianni et al., 2005] and Wide Field Camera 3 [Windhorst
etal.,2011]. From Webb filters shown are broad band filters from both NIRCAM and MIRI
[Tokunaga and Vacca, 2005; Garcia Marin et al., 2018, respectively]. Euclid [Maciaszek
et al., 2016] and Roman [Spergel et al., 2015] have all broad band filters on board shown.
Finally, the Spitzer space telescope’s IRAC channels 1 & 2 [Fazio et al., 2004] have been
used in high redshift astronomy post-cryogen up until its de-orbiting in 2020, so they are

included by default.
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Figure 2.16: The predicted observed SED f, of a dusty high-redshift (z = 7) galaxy
alongside the calculated broad-band fluxes in the Webb/NIRCam bands.
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egregious example is that of the proposal distribution (see step 3 of the description of the
Metropolis-Hastings (hereafter MH) algorithm in section 1.5.2.2. The optimal form of this
distribution — both the functional form and the values of any tuning parameters governing
the average "jump length" — is not something that is easily generalisable for SED fitting
because often the posterior distributions are so irregular.

The solution of affine invariance is outlined in Goodman and Weare [2010], and involves
the use of an ensemble of N Markov chain samplers, hereafter called "walkers". Each walker
is effectively an individual MH sampler, however when it comes to the step of proposing a
new set of parameters 0., instead of drawing the values in this vector from a pre-defined
distribution, each walker is paired with another walker, and the proposal distribution is
generated based on the position of that walker instead.

This offers significant advantages over a transitional MH style algorithm in virtually
all aspects. The process can be paralellised by randomly pairing off the walkers at each
step, carrying out the proposal, acceptance/rejection, and position updating steps in N/2
parallel strands, and then shuffling the walkers to repeat. In addition, for situations where
hyper-parameters can’t be tuned to the specific problem, it offers significant improvements
in auto-correlation times, which translates to significantly cheaper computation expense.

The Markov chains can be used in the same way as traditional chains to extract posteriors,
with the caveat that all of the walkers must be used together, as this pairing off process
means that at a given step 7, ®;(¢) has some partner walker ®;(¢t + 1) with whom it is

correlated.

The specific implementation which INTERROGATOR employs is EMCEE [Foreman-Mackey
et al., 2013], a commonly used pyTHON implementation of the algorithm. As this inference
engine is effectively the "core" of the fitting portion of INTERROGATOR it is the only module
which cannot be freely swapped out. While other techniques exist such as nested MCMC
or machine learning type methods, they would be beyond the scope of the code, and other

codes exist (e.g2. BAGPIPES, PROSPECTOR Which center those inference methods.
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2.3.2 Priors

An intelligent choice of prior is vital in SED fitting, as the correct choice can offer a
severe reduction in the volume of parameter space needing to be explored, a reduction in
degeneracies, and much better behaved posteriors. However, informative priors can offer
a variety of pitfalls — an incorrect choice can offer a precise, yet biased result, and an
informative prior without the observation quality to support it can lead to the posterior
simply reflecting the prior.

By default then, and throughout this work, the priors used by INTERROGATOR are "flat"
priors, i.e. for some parameter u: P(u) = 1/(u; — po) where uo, 1 are the extrema of the
given parameter. These extrema are ultimately a free choice, however by default they are
set so that the parameters can take any physically meaningful values.

One important consequence is that these input priors actually enforce priors on certain
output parameters. A simple example would be 7y, the maximum stellar age of a galaxy.
This age is intrinsically defined to the redshift of the galaxy — the maximum stellar age can’t
exceed the age of the Universe as that would be nonsensical, so any prior on z intrinsically
applies a prior to fo.

Less obviously, the two part work by Carnall et al. [2019] and Leja et al. [2019]
constructs a compelling argument that the use of a flat prior on SFH parameters, actually
imposes a strong priors on both the specific star formation rate, and the mass weighted
timescale of formation (3w ) (or equivalently - the mass weighted age).

Specifically, they find that applying the naive uniform prior on the exponential SFH
parameter 7 causes a strong preference for high sSFR, and late time #3;. An effect which
is only compounded at higher redshift where the very oldest stellar populations are not

present. This effect is replicated in the other (delayed-7, log-normal, double power law)

SFH models they use. They find that switching to a prior which is uniform in y = 77!

lessens this effect, however does not completely remove it.

At least in the regime of photometry only, it is suggested that these effects introduce a

90



bias which is roughly consistent across all models tested, and that there is little preference
between them. This potentially motivates sticking to simpler models in the interests of
computation expense, and avoidance of underfitting which will result in an overestimate
of the uncertainties on the parameters inferred. It should be noted however that while the
median inferred parameters see little change, the shape of the whole posterior can vary
significantly depending on the prior chosen, and therefore extreme care must be taken. This
variation is unfortunately found to be the worst in very blue starforming galaxies. This is
due to the fact that younger stellar populations are overwhelming in terms of bolometric
luminous output compared to older ones, making it hard to make statements about the
older stars in any highly starforming galaxy without knowledge of the dust. Additionally, a
degeneracy exists between stars under 100M Yr old and 100-300Myr old. One can effectively
replicate the photometric properties of a 300M YT old population with a combination of a
smaller < 100M YT population, and a second, older population.

In the table below, we show the recommended (and default) priors within INTERROGATOR.
It should be stressed however that these are chosen to be largely as uninformative s possible,
or to align with historic usages. Depending on the use case, a well chosen prior can either
offer a more uninformative prior on desired physical properties (such as SFR) or a clever

choice of informative prior can offer significant advantages if one has prior information to

use.

2.4 Testing

While in chapter 3, we will use INTERROGATOR to analyse a sample of real galaxies as a case
study, on a most basic level it is important to establish that the code will reproduce model
galaxies with known model parameters.

To this end, we setup a sample of galaxies made using INTERROGATOR’s fake observation
tools, with a set of observations over the rest frame UV, optical and near IR based on the

broad-band photometry available in the GAMA survey (see section 3.2. These galaxies all
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SPS model | BPASS v2.1
IMF | Salpeter, @ = -2.35
Nebular Emission. | cLouDy, escape frac. =0
Dust | Modified Charlot & Fall "Pacman" model
v = 1.0, u =0.25, tgc = 10Myr
Other params | z = 0.0, log;((M.) = 8.0, Z = Z/20

Table 2.1: Table of synthetic galaxy parameters

use the parameters outlined in table 2.1, with varying SFHs: two constant star formations
(age 1Gyr and 100Myr), and two exponentially rising SFHs (with e-folding times of 100Myr
and 1Gyr). We opt for the Salpeter IMF as it is the only IMF that BPASS v2.1 supports.
We also setup the same models, but with the 3 most blue filters (GALEX-FUV, GALEX-
FUV and SDSS-u) only as a test cast for galaxies which only have UV observations, such
as those at high redshift. Figure 2.17 shows the model galaxy SEDs for each input model,
with “UV only” models using just the first three filters (X’s) and the other models using all
of the shown filters (X’s and circles). Figure 2.18 shows the un-normalised star formation

histories of the galaxies which produced these SEDs. These SFHs are un-normalised for

visualisation purposes — in reality as we have fixed the stellar mass to 108 M.
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Figure 2.17: Model galaxy SEDs with parameters as laid out in table 2.1. broad band fluxes
marker with X’s are used in both UV only model and full GAMA model, circle marked

fluxes are in full model only.

0.0012 —— const 100Myr
—— const 1Gyr
— exp A= —0.01Myr!
0.0010 exp A = —0.001Myr~"
—
=)
% 0.0008
=
]
g
_
2 0.0006
&
=2
22 0.0004
[
n
0.0002
0.0000 !
0 200 400 600 800 1000 1200

t (Myr™1)
Figure 2.18: Star Formation histories of the model galaxies, with model parameters as laid

out in 2.1. SFHs are un-normalised for visualisation purposes, in reality as the stellar mass
is fixed, the integral under each curve is equal.
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We then run these synthetic observations through INTERROGATOR, With EMCEE set to use
200 walkers, and 5000 iterations, the first 10% of which are discarded as burn-in, which
results in 900,000 total samples. INTERROGATOR assumes the same model as that used to
make the galaxies, and an exponential star formation history with A allowed to vary both
positive and negative and a cutoff age parameter where SF began. Note that constant star
formations can be exactly reproduced in this scenario if 4 = 0, however we wish for the
code to not be locked into a constant SFH only, and for it to reconstruct this itself if it is
appropriate.

Figures 2.19, 2.20 2.21, and 2.22 shows an example of this reconstruction for a galaxy
with a constant star formation of 1Gyr. The same figures for other models are in appendix

A.
Looking at the full set of observations (fig 2.19, 2.20), we first notice that the SED itself

is convincingly reconstructed, with the median of each flux posterior passing within 1-o

of — the reduced y? value between the model and observations for this example is 0.85.
However, looking at the posteriors it is notable that a significant amount of probability
resides in solutions that lie slightly further out, specifically a solution appears to exist with
higher flux in the blue filters, and lower in the redder filters — likely tying into the bimodality
of the y parameter in the dust curves in figure 2.20. When we drop down to only three
filters (figure 2.21), we see that the flux reconstructions are much more compact, however
they do exhibit a small second mode (again likely tying into the shape of the dust posterior).
This is not unexpected as a large variety of models can fit the UV only, as can be seen in
the indifference of many of the parameter posteriors.

We then turn to the inferred parameters, in figures 2.20 and 2.22, each pan represents the
2-D (1-D if the row and column are the same) marginalised probability distributions. The
input values are represented by vertical/horizontal grey lines, and the maximum likelihood
parameters by white circles. It is important to note that the maximum likelihood overall fit
may not co-incide with the maximum likelihood of that individual parameter, and in fact

isn’t particularly informative with such complicated parameter spaces, where parameters
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are degenerate or multi-modal. We address the parameters in order of appearance:

Stellar Mass -  both sets of observations recover the stellar mass to within 1-o-, with the
UV-only observations reporting a slightly wider posterior. This shows some degeneracy
with the metallicity, with lower metallicity solutions slightly increasing the stellar mass.
Similarly solutions with more steeply decreasing star formation histories also have higher

stellar masses, as older stars have higher M/L ratios.

SF Duration -  the star formation duration is a parameter which is intrinsically hard to
measure unless it is a very short duration. This is because of the issue plaguing mixed age
galaxies — old star formation is of much lower luminosity than recent activity, and so the
star formation activity of a galaxy beyond the last 1Gyr is hard to make statements about
— populations of 1 and 10 Gyr are very hard to distinguish with data. However, the SF
duration is reconstructed within one sigma, plus a long fail to much longer durations, as all
of the older stars’ luminous contributions can easily be nullified by a small change in e.g.

dust content.

Metallicity - The metallicity is relatively uncertain, however the optical observations
seem to rule out the highest values. There is a notable degeneracy between both metallicity
and A (and by proxy the average age) and also metallicity and the dust content. These
degeneracies arise because all three broadly have the same effect — they all serve to redden

the spectra but with slightly different shapes.

Escape Fraction - The escape fraction governs the amount of nebular emission added
to the model. As evidenced by the posterior, the escape fraction is hard to measure through
photometry because the biggest give-away of large escape fractions is emission lines, which
can be absorbed into the photometry fairly easily. The posterior in both cases is fairly
indifferent across all values, but a weak preference is shown for lower values (closer to the

truth of f,;. = 0).
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Star Formation History Shape - The star formation history shape is recovered almost
exactly, with a long tail of decreasing histories also offering solutions. The posterior
resoundingly rejects rising SFHs, as the young stars that would be added are so efficient in
the production of UV and optical photons that they cannot reproduce the correct continuum
shape. However, the addition of more old stars (via a declining SFH) does not add much

light, so therefore these can present viable solutions.

Dust Parameters - 7y and u are heavily intertwined, as evidenced by the degeneracy
between them. The normalisation 7y is accurately reproduced, with a long tail co-inciding
with its other degenerate parameter’s tails (metallicity and stellar age). u, the shape
parameter, offers an almost perfectly bimodal distribution. As dust effects are strongest in
the UV, it is un-surprising that the distributions of both parameters here are almost identical
despite the many fewer observations in the UV only sets.

The story is largely repeated for the other star formation histories (listed in appendix
A). The 100MYT constant star formation over-represents the stellar mass/offers rising star
formation solutions, as the population is so extremely and uniformly young that high SFR-
high dust- low Z solutions also fit the data well (especially in the UV) but add significantly

more mass in older stars.

The exponential star formation histories offer similar stories. Stellar masses are re-
covered within 1-0-, and star formation duration is intrinsically tied to the shape of the
star formation history, both of which have weak constraints placed on them based on the
youngest stellar populations. Similarly we find that the dust parameters are degenerate both
with each other and weakly with the SFH. Finally, the metallicity and escape fraction are

very weakly, or entirely unconstrained, requiring emission line fluxes to really constrain.
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Figure 2.19: Fitted SED of input synthetic galaxy with constant SFH lasting 1Gyr and
S/N = 50. Top panel violin plots the posteriors of the fluxes (grey violins) normalised to
the true flux (O line, coloured error bars). Middle panel shows model SED (black line),
observed broad band fluxes (coloured points, faded), and median reconstructed model fluxes
(coloured points, solid). Bottom panel shows filter throughput curves for each observation.
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Figure 2.20: “Triangle plot” of the marginalised 1-D and 2-D probability distributions
of the fitted parameters of synthetic galaxy with constant SFH lasting 1Gyr and S/N =
50. Parameters listed, in order of row/column are: stellar mass log;, M., Star formation
maximum age cutoff (SF Duration), metallicity Z, ionising photon escape fraction f.,
exponential SFH inverse time constant A, and dust curve shape parameters Ty &u (see

section 2.2.1.3). White points on 2-D histograms show maximum likelihood of the fit, grey
vertical/horizontal lines show input values.
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Figure 2.21: Fitted SED of the same synthetic galaxy as figure 2.19, but with only the three
bluest filters. Top panel violin plots the posteriors of the fluxes (grey violins) normalised
to the true flux (O line, coloured error bars). Middle panel shows model SED (black line),
observed broad band fluxes (coloured points, faded), and median reconstructed model fluxes
(coloured points, solid). Bottom panel shows filter throughput curves for each observation.
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Figure 2.22: “Triangle plot” of the marginalised 1-D and 2-D probability distributions of
the fitted parameters of synthetic galaxy with constant SFH lasting 1Gyr and S/N = 50,
but with observations only in the UV. Parameters listed, in order of row/column are: stellar
mass log;, M., Star formation maximum age cutoff (SF Duration), metallicity Z, ionising
photon escape fraction f,,., exponential SFH inverse time constant A, and dust curve shape
parameters Ty &u (see section 2.2.1.3). White points on 2-D histograms show maximum
likelihood of the fit, grey vertical/horizontal lines show input values.
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2.5 Conclusions

This chapter detailed the development and basic testing of a new SED fitting ode INTER-
ROGATOR. It has been designed specifically with the upcoming Webb telescope in mind,
and specifically the study of EoR galaxies that it will enable.

The code has one core philosophy behind it — flexibility. INTERROGATOR utilises a range
of SPS models, IMFs, star formation/metal enrichment histories, gas and dust models.
Other innovations include an MCMC inference engine which efficiently samples parameter
space, and a novel gas/dust reprocessing model based off of Charlot and Fall [2000].

We test the code by generating mock observations using the observation generator built
in to the code, and the. test how well INTERROGATOR recovers the parameters using the same
modelling assumptions as went into the observations. We find that INTERROGATOR offers
good recovery of the parameters traditionally accessible to photometry such as stellar mass

and dust attenuation.

We opt not to experiment with the reconstruction using other models here, as we only
wish to test that the fitter worked correctly, and in the next chapter, we use INTERROGATOR
to (re-)analyse photometric observations of low-redshift extreme emission line galaxies,
potential analogues of high—z star forming galaxies. In chapter 4 we propose a possible
extension to the star formation (and metal enrichment) history parametrisation based on

cosmological hydrodynamical modelling.

2.5.1 Future Development

The version of INTERROGATOR described in this chapter is fully working and can be turned
to analysing observations (as in Chapter 3). However, INTERROGATOR is designed to be
extendible with new elements and features added over time. Here we briefly describe some

of these potential future developments.

Performance Perhaps the largest issue facing the current version of INTERROGATOR is

performance. To complete a full analysis of a galaxy requires thousands to millions of model
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SEDs to be generated resulting in a relatively slow code. While fine for a small number
of objects, as we discover many more high-redshift galaxies (or apply INTERROGATOR to
galaxies at lower-redshift), the need to analyse larger samples of galaxies will become
important. A priority for future development must then be identifying speed bottlenecks

and addressing them.

Stellar Population Synthesis Model and Initial Mass Function INTERROGATOR already
includes the possibility to utilise several stellar population synthesis (SPS) model grids.
As models are upgraded or new models become available these can easily be added to

INTERROGATOR.

Alongside the choice of SPS model we could also, where available, add additional initial
mass functions (IMFs). In addition, some code (e.g. PEGAsEV2) permit the calculation of
SSP spectral grids for an arbitrary IMF [Fioc and Rocca-Volmerange, 1997]. This opens
the possibility of parametrising the IMF, for example the high-mass slope «, and fitting the

free parameters (or at least marginalising over a range).

Star formation and metal enrichment history This version of INTERROGATOR includes a
range of star formation history parameterisation but in each case the metallicity is assumed
to be constant, something which will not be true in the real Universe. A first expansion of
INTERROGATOR, described in Chapter 4, includes a new parameterisation of the star formation
and metal enrichment history based on cosmological hydrodynamical simulations. This
parameterisation is based specifically on galaxies in the early Universe and may not be
applicable to mature galaxies in the later Universe. This opens the possibility of further

changes.

Spectroscopy Internally INTERROGATOR generates SEDs, at the resolution of the input SPS
models, including both stellar emission and reprocessing by dust and gas. In this version
of INTERROGATOR however we have not yet implemented the ability to utilise spectroscopic

observations. With the arrival of Webb however spectroscopy of high-redshift galaxies
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will become much more commonplace (and useful) thanks to NIRSpec and WFSS modes
on NIRISS and NIRCam. The only difficulty here is developing a routine to match the
characteristics of the observed spectra (wavelength range, resolution, etc.) with that of the
model spectra.

Direct comparison with spectra may also motivate a more sophisticated nebular emission
model. As noted, our default model assumes values for the ionisation parameter U and
hydrogen density ny. While these have only a small effect on broadband photometry they

can significantly impact individual lines.

Thermal IR emission At present INTERROGATOR only includes attenuation by dust and not
re-emission. With the advent of ALMA it is now becoming routinely possible to observe
dust continuum emission even in very high-redshift galaxies. This motivates the future
development of a thermal IR emission model in INTERROGATOR. The most straightforward
approach would be to adopt energy-balance, in which the energy absorbed by dust from
the UV - optical - near-IR is directly re-emitted as thermal IR emission according to some
model. Models here include a simple black-body, a grey-body, or more complicated models
including multiple (e.g. hot and cold) dust components.

It is perhaps worth noting however that observations of galaxies alone a single line
of sight do not necessarily need to be energy balanced as in, for example Battisti er al.
[2019]. This is because the while the (re-)emission from dust is isotropic the absorption
won’t be. For example, a population of stars with no dust between and the observer would
clearly experience no attenuation, and thus, would, if energy-balance is applied expect, no
IR emission. However, if there was a dust cloud on the far side of the population some
fraction of the light absorbed from that direction would be re-emitted into the line of sight
of the observer. An observer would then see a stellar population with no attenuation but

also an IR source.
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Chapter 3

Local Analogues of Distant Star
Forming Galaxies

This chapter demonstrates an application of INTERROGATOR to a sample of Extreme Emission
Line Sources (EELS) in order to explore how model assumptions can affect the physical
properties inferred. We obtain this sample from the Galaxy And Mass Assembly (GAMA)

survey [Driver et al., 2016]. The high quality of available data means that a selection can

be made on the line properties directly, enforcing a cut of EW(Ha) > 200A, rather than on
colour based photometric selections which are vulnerable to both interlopers and galaxies
falling outside of the narrow redshift ranges they are sensitive to. Leveraging the high

quality data we have available, we design a more direct selection criteria — these galaxies

are defined by strong line emission, so we look specifically for EW(Ha) > 175A in the
spectra, along with a redshift cut of 0.05 < z < 0.3 (see section 3.2 for more details. After
applying these selection criteria, we obtain a sample of 136 EELS.

We then fit this sample using INTERROGATOR and a variety of models. We find that these
galaxies are largely low mass,but with high specific star formation rates more consistent
with galaxies of much higher redshift. They also have much lower metallicities than the
typical local galaxy, however they have a much flatter distribution, and are offset higher
than the relation found at high redshift. This makes them good but not complete analogues

of high-z galaxies, and care should be taken when connecting between them.
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We find that this sample of galaxies have large model uncertainties, with median offset
of up to ~ 0.4 dex in stellar mass, and up to 0.4dex in SF Rjoo (the average SFR over the last
100Myr) as well. Due to these galaxies high sSFR’s, their light is dominated by its largest
stars, and any change in either the fractional representation of these stars (through the SFH)
or their propeties (e.g. through SPS model choice) can have wide reaching effects on the
inferred physical parameters.

Finally we obtain VLT/X-SHOOTER spectra for 12 of the 19 brightest objects based on
r-band magnitudes, to use the higher order Balmer and Paschen line ratios to accurately study
both the metallicity using more precise electron temperature methods, and to characterise
the dust content of these galaxies in more detail. We design an EMcEEg-based line fitting

code to calculate the line parameters, and (re)fit both the GAMA and XSHOOTER spectra.

3.1 Introduction

Two heavily intertwined and unanswered questions concerning the Epoch of Reionisation
are (a) what is the timeline along which it occurred? and (b) which sources are dominant
in terms of producing necessary photons to reionise the Universe? Over time as progress

has been made, it has become apparent from both simulation and observation that galaxies

in the mass range 10°M, - 103 M, with high SFR — dwarf starburst galaxies — contribute
a significant fraction of the ionising photons [Finkelstein, 2019]. Therefore to understand
these low mass starburst galaxies is to understand an important piece of reionisation [e.g.
Bouwens et al., 2012b; Finkelstein, 2012]

Despite these galaxy’s hegemony at redshifts within the EoR (z > 6) [Stark er al.,
2011], observations of them are challenging as they require competitive instrumentation,
long exposure times on said instrumentation, and require observations in the near-IR which
is one of the most challenging wavebands to observe from the ground [Trainor et al., 2015].
With that said, the challenges are not insurmountable and some progress has been made,

finding these high redshift Lyman « emitters to have low metallicity, little dust and small
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radii, in addition to their low stellar mass. [Pirzkal et al., 2007; Finkelstein et al., 2008]

In addition, the Lyman a emission from such objects will be scattered by the remnants
of the neutral Hi, allowing us to observe the process of reionisation in action, and track the
fraction and partial distribution of the remaining neutral gas with careful study [Jensen et
al., 2013; Matthee et al., 2015; Zheng et al., 2017].

However, until the advent of Webb and the ELTs what we can learn from these galaxies is
somewhat limited. One alternative is to turn to low-redshift, and thus much closer/brighter,
analogues of these galaxies. Populations of galaxies have been found in the local Universe

with similar properties to these high-z Lyman « emitters — similar locations on the funda-

mental metallicity relation, compact sizes, and large [OIH]/15007/[011]/13727Ava1ues [e.g.
Cardamone et al., 2009]. By studying these analogues we gain insights into the physical
conditions of the high-z galaxies responsible for reionisation [Jaskot and Oey, 2014].
Perhaps more usefully though, these galaxies serve as an ideal test-bed for techniques
that will ultimately be enabled by observations - rest-frame UV - optical photometry and

spectroscopy - obtained by Webb and the ELTs at high-z.

3.1.1 Selecting Analogues

There are a number of ways of selecting analogues, however a common technique is to select
on the basis of strong (high-EW) line emission, often [OIII]215007 but sometimes Hea. This
selection can either be done directly, i.e. using spectroscopy, or in-directly making use of

the unique location of these galaxies in colour-colour space.

3.1.1.1 BCDs, Green Peas and Blueberries

There are a variety of selection criteria that have been created to find high-z analogues,
and while these criteria tend to find most of the same objects, they do not return the exact
same samples. As we are fortunate enough to have a large sample of galaxies with spectra

in GAMA, we wish to make a selection criteria which is as fundamental as possible rather
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than the more photometry based approaches as taken by others.

Blue Compact Dwarfs (BCDs) were first identified in Zwicky [1965] as a subgroup of
local dwarf galaxies in the Palomar Sky Survey. They are spatially compact gas rich regions
with high SFRs that can either lie in the field or within a more diffuse but less starforming
galaxy. subsequent studies (e.g. Aloisi ef al. [2007]) found that they are low metallicity
(around 0.02Z), gas rich and are undergoing periodic starbursts.

Green peas, as discussed in Cardamone et al. [2009], were one of the earliest samples
of EELS to be constructed. They were originally found within the Galazy Zoo project

[Lintott ef al., 2008], a citizen science project where members of the public described the

morphology of almost 10° galaxies presented as composite RGB images, using the gri
filters respectively from the Sloan Digital Sky Survey (SDSS) [York et al., 2000].

Galaxy Zoo provides a space for classifiers to discuss strange objects they find, and one
such class was nicknamed “Green Peas” due to their appearance in the filters used for Galaxy
Zoo. Green Peas are visually compact, unresolved point source like objects which appear
green in Galaxy Zoo due to their strong r band emission. They are mostly listed as stars

in the standard SDSS catalogues because of their point-line nature, however they present

distinctly galaxy like spectra. Their high r-band magnitude is due to the [Om]5007Aline
being incredibly strong, and on the redshift range 0.112 < z < 0.360 this line falls into the
r band filter, boosting it significantly.

Cardamone et al. [2009] settle on the following selection criteria to separate out the
Green Peas from both more standard star forming galaxies and from Quasi-Stellar Objects

(QSOs) in the same redshift range.

u—-r<25 3.1
r—i<-0.2 (3.2)
r—i+05<g-r (3.3)
25(r=z)<u-r (3.4)
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Where u, g,r,1i, z are the AB magnitudes in the respective bands from the SDSS survey.
In addition, they enforce a S/N > 3 cut in the spectral continuum around the Ha and
HP lines — specifically from 6350-6500A and 5100-5250A, along with the same S/N > 3
enforcement for [0111]50071& and [NII]6583A. The line S/N cuts are enforced in order to
construct a BPT diagram [Baldwin et al., 1981; Osterbrock and Pogge, 1985] in order to
select out AGN. A more full discussion of this method is found in section 3.3.

The Blueberries [Yang et al., 2017] are a sample of galaxies which are selected in a
similar way to the Green Peas, but by looking for a large [Or]5007A line at z < 0.05,
where it resides in the g-band rather than the r-band. In SDSS composites they appear
similarly to BCDs — either partially resolved or wholly unresolved blue point-like objects.

Their specific selection criteria are:

(g—r<-05)and (r —i < 1.0)and (g —i < —0.5)
and

[(g—r<-0.7)or(g—-i<—-1.0)]and (g —u < —0.3)

Where g, r, u, and i are simply the apparent magnitudes in each of the SDSS bands.
These criteria are more complicated as not only do they need to split out the Blueberries
from starforming galaxies and AGN, but also single O/A stars and white dwarfs. Both of
these types of star can exhibit very similar colours, but are revealed to be imposters by a
very blue u — g colour, whereas Blueberries [Or11] emission cause them to be much redder.

Yang et al. [2017] found these selection criteria by adding large [Oi] lines to a composite
of two Simple Stellar Populations, one young and one old, and by adjusting this constructions
equivalent width and redshift, while monitoring how they move through the colour space.

The criteria they rest on select galaxies at z < 0.05, with equivalent widths EW(
[0111]50071& ) > 800A. They find that the galaxies this criteria select are low mass — 1095 M,

- 107 My, sSFRs around 10~8yr~!, and are metal poor ( 7.1 < (12 + log,, O/H) < 8.0

). These galaxies also typically are isolated — either in low density environments or on the
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outskirts of a galactic group.

These objects can either be considered as separate populations, or as an overarching
subclass of galaxies depending on how you wish to define said category. The main difference
between them is their redshift. Both blueberries and green peas are compact, low mass
galaxies with very strong [Om] lines and high specific star formation rates. What separates
them is where that [Omi] line falls in the observed frame — in the lower redshift blueberies it
falls into the g-band, and at higher redshift, the same rest-frame emission line contaminates
a different photometric band (r-band) and thus they require different selection criteria to
pick out of surveys. In short, galaxies with similar intrinsic physical properties can require

different and mutually exclusive observational selections due to redshifting.

3.2 Fishing for EELS in GAMA

We wish to construct a sample of Extreme Emission Line Sources in the simplest, most
direct way possible, which is also independent of redshift. Surveys such as GAMA offer us
a natural way to do this. Rather than making inference from broad band surveys — which
is dependent on the strong emission lines falling into specific wavelength ranges — we can

take a much more direct approach and just select on the lines measured equivalent width.

3.2.1 GAMA survey

The GAMA survey [Driver et al., 2011] is a large area spectroscopic survey covering some

280deg?” of sky, delivering high completeness down to a magnitude of r < 19.8.
This survey area is made up of a series of fields. Firstly there are three equato-
rial fields — G09 (129.0 < RA < 141.0, —1.0 < DEC < 3.0), G12 (174.0 < RA < 186.0,
-2.0 < DEC < 2.0), and G15 (211.5 < RA < 223.5, 2.0 < DEC < 2.0). These fields
were designed to overlap with over surveys to maxmise data coverage such as SDSS,
UKIDSS, HERCHEL-ATLAS, and GALEX. Later, two southern hemisphere regions G02
(30.2 < RA < 38.8,-10.25 < DEC < 3.72) and G23 (339.0 < RA < 351.0,-35.0 < DEC < -30.0).
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These spectra have moderate resolution — between 3 and 7A — and the final catalogues
contain well over 200,000 objects. In addition, photometry ranges from the UV (GALEX)
through the SDSS optical bands, to far IR data from ATLAS. Figure ?? in the previous
chapter shows the photometry bands available in the UV, optical and NIR to all objects, and
then in addition those in the equatorial regions may have Herschel detections in the far IR.

This makes the survey ideal for our purposes. In the low redshift universe, extreme
emission line galaxies are rare objects, which means that a large area is necessary to find
a statistically significant sample. The moderate resolution spectra allow selection on the
large equivalent width lines directly rather than using broad band fluxes, which many of
the existing samples are selected on. Broad band flux selections have the possibility of
contamination and also of redshift limitation — if the high flux lines such as [OIII]15007
are shifted into different bands or out of the band all together, the information is lost and

the EELS are not selected.

As part of the GAMA data products, they also provide a variety of physical models
of the galaxies, however as we will explore in section 3.4 these models make a variety of

assumptions which are inappropriate for the study of these rare objects.

3.2.2 Selecting EELS

The things that the existing populations of EELS have in common is that they are low mass,
low metallicity, with small radii, and they are highly star forming, almost all having specific
star formation rates (sSFR) of < 1Gyr

We thus opt to leverage the spectral coverage of the GAMA survey to simply look for
galaxies that meet these requirements. We thus simply impose the following initial selection

criteria:
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EW,e(Ha) > 200A (3.5)
S/N(Ha) > 10.0 (3.6)

0.05<z<0.150r0.18 <z<0.30 (3.7

where S/N(Ha) is the signal-to-noise in the Ha line, EW, . (Ha) is the equivalent
width of the Ha line after blue-shifting the spectra back to the rest frame, and z is the
redshift of the galaxy as quoted in the GAMA catalogues.

We opt to select on Ha equivalent width because it highly correlates with sSFR. Dense
Hir gas is the preferred fuel for star formation, and where ever it is present, Ho emission is
also plentiful. However the longer star formation goes on, the starlight causes the continuum
emission to “catch up”, raising the overall luminosity but lowering the equivalent width.
Thus there is a sweet spot age of stellar activity where the Ha line emission is still high,
but the continuum hasn’t built up enough —i.e. low mass, but highly star-forming galaxies.

We apply a signal to noise cut simply to ensure that we minimise spurious objects,
however we also required a visual inspection of the spectra to remove artefacts and fringed
objects.

The redshift selection ideally would simply be galaxies which extend from 0 < z < 0.30,
as this is the redshift range in which Ha is within the coverage of the spectrograph, however a
few practical issues arise. The optical fibre apertures on the AAOmega telescope correspond
to 2”. At z = 0.05, D4(2”) = 2K Pc, meaning that for redshifts less than this, we are no
longer probing the whole galaxy, only some region within it. This can be problematic
for galaxies that have knots of intense star formation within them, which could meet the
selection criteria independently of what the rest of the galaxy is doing. Applying the
minimum redshift ensures that only independent, unresolved dwarf galaxies are extracted.
Finally, we also do not select galaxies in the redshift range 0.15 < z < 0.18 as Ha becomes
contaminated with a sky line.

Applying these selection criteria yields a sample of 136 galaxies. Basic properties of
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Figure 3.1: Distribution of EELS sample in redshift and UV apparent magnitude. Main
panel shows the sample of 136 galaxies, top histogram shows their distribution over Az =
0.05 bins, right histogram shows distribution in ANUV 509 = 0.5 bins. Red areas are areas
of redshift space excluded from selection — see main text for details. Points highlighted in
red are galaxies for which spectra were obtained with VLT-XSHOOTER, see section 3.5.

these galaxies are listed at the top of appendix B. Figure 3.1 shows how these galaxies are
distributed in redshift and UV magnitude. It is firstly worth noting that the sharp drop in
the redshift distribution is an artefact of the fact that we exclude the band of redshift space
where Ha co-incides with the skyline as discussed in the selection section. If we could
correct for that the drop would be much less severe.

A visualisation of the sample is depicted in figure 3.2. Visually the galaxies fall into
two categories. Firstly, galaxies that are Green Pea/Blueberry like — isolated, compact with
strong g or r-band excesses. The other category is knots of star formation within larger,
more diffuse galaxies. As we have selected on such a simplistic criteria — just looking for

high sSFR this is perhaps unsurprising as we are agnostic to the cause of the star formation,
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whether merger driven starbursts, gas rich areas of larger, diffuse galaxies or “true” low

mass, low Z EELS.
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Figure 3.2: Postage stamps of the sample of galaxies, with RGB represented by the the

SDSS (ug)(gr)(iz) channels. Each image is 20“x20 on the sky.
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Figures 3.4 and 3.5 show the EELS sample that has been constructed on the colour-
colour planes used for the selection of Green Peas. It can be seen that there is a quite low
overlap in both cuts overlap — 23% of our sample are Green Peas [Cardamone et al., 2009],
whereas the rest would lie within the main sequence star-forming galaxies locus. 0% of
our sample coincides with the Blueberries, but this is to be expected, because although our
reasoning differs (aperture considerations for this work vs. the location of the [Omi] line in
the filters for green peas and blueberries) we are not probing the z < 0.05 range where the
[Oir] line falls into the g-band filter — the defining selection criteria of the blueberries. The
green peas result is also not entirely surprising for similar reasons — [O1] only boosts the

r-band at z > 0.12.
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Figure 3.3: Distribution of EELS sample in redshift and r-band apparent magnitude M,..
Main panel shows the sample of 136 galaxies, top histogram shows their distribution over
Az = 0.05 bins, right histogram shows distribution in AM; = 0.5 bins. Red areas are areas
of redshift space excluded from selection — see main text for details. Points highlighted in
red are galaxies for which spectra were obtained with VLT-XSHOOTER, see section 3.5.
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3.3 Physical Properties

We begin by exploring the physical properties of our sample of EELS comparing them with
both the wider local population of galaxies and simulated/observed high-redshift galaxies.

For reasons that will be outlined in detail in section 3.4, we ignore the existing modelling
provided as in Wright et al. [2016]. In brief, the Wright modelling is done under two
assumptions which do not hold for the specific type of galaxy we are observing here — it
neglects nebular emission, under the approximation that it is a small component of the total
flux, and it assumes a declining SFH with time. The first of these assumptions is untrue for
these galaxies almost by definition — they were selected on their high Ha equivalent widths,
and many other types of EELS are selected on large emission lines contaminating entire
broad photometric bands, therefore nebular emission is patently important. The second
assumption, that of declining SFH, is not so obvious, however in subsequent sections we
will show that relaxing this assumption is correct for these objects — their high specific star
formation rate is a product of exponentially rising star formation histories.

We therefore must construct the modelling from scratch, using INTERROGATOR with the

following models & priors:

* SPS model - Pegase v2.0
e IMF - Salpeter IMF with a = -2.35

* SFH - A single parameter exponential model, with the exponential time constant 7

free to be both positive (dec. SFH) and negative (rising SFH)
* Nebular Emission - Active, provided by cLoubpy

* Dust Modelling - Calzetti dust curve

with exponential time constant 7 = 1/1 free to vary on the interval [—oo, +co] yrs.
For data, we use the optical and near IR data from the LAMBDAR reprocessing catalogue.

This data deblends many of the sources which are confused (whether by change in line
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of sight or physically close sources), and reduces the outlier rate of modelled parameters
significantly as compared to the original modelling [Wright et al., 2016].

This set of models will be subsequently referred to throughout the rest of this chapter
as the “fiducial model". It is important to note that the choice of models has a significant
impact on the inferred parameters, as will be shown in later sections, but also that it is
effectively a free choice.

The fiducial model was chosen as a compromise between realistic conditions (including
nebular emission), previous literature (Pegase v2 is very similar to the Popular BCO3
SPS model [Bruzual and Charlot, 2003] and not over-using the number of parameters (for
example, using the Calzetti dust curve over the default modified Charlot & Fall model. This
restriction on the number of parameters is due to the fact that these models are constructed
from photometric data only, as we wish to use these galaxies as analogues to EoR galaxies,
most of which do not have spectra available. We used the less-than-optimal Salpeter IMF
as it is the only one supported by some of the SPS models used in the analysis in subsequent
sections, and for model comparison the consistency is more important than the overall

choice .

Each model was run with 500,000 iterations — 50 walkers each with 10,000 chain steps.
This proved to be an excessive amount, as convergence on a parameter either happened

quickly, or not at all in the case of unconstrained parameters.

3.3.1 Specific Star Formation Rates

The specific star formation rate (sSFR) is defined the amount of star formation per unit
stellar mass present in a galaxy.

There are a variety of ways to measure the star formation rate of a galaxy, offering
different advantages and disadvantage, and probing different timescales of star formation.
For example one common way is to measure the SFR based off of the UV luminosity of
the galaxy, the logic being that this light is produced by short lifespan O/B/A stars, and

therefore the number of these stars tells us about the numbers of stars formed recently in
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the galaxy.

This method offers the distinct disadvantage however, that the UV is the most heavily
attenuated by dust, so unless the dust content of the galaxy can also be characterised in some
independent way, it is impossible to know the true SFR. This is not insurmountable — far
infrared measurements can probe the dust emission of the galaxy, giving tight constraints
on the dust content. However without those measurements, any UV derived star formation
rate will only tell the whole story in the case of a dustless galaxy. Any SFR in a galaxy with
non-zero dust content is guaranteed to be an underestimate.

For our purposes then, we measure the star formation rate of the EELS using the star
formation history, by simply calculating the average value of the star formation history over

a 100Myr period in the following way:

1 100M yr
SFRinterrogator,lOOMyr = W / SFR(t)dt (38)
0

whereas the GAMA SFR’s follow the prescription as found in Kennicutt [1983], deriving

them from the Ha emission line as follows:

3.0x 108 f(Ha)
Liraint = (EWpg + 2.50)1070:404=34.1) 39
Haint = (EWHa ) (6564(1 + 2))> | 2.86 f(HP) )
1L21;;I<1”(1)z* 7, for Salpeter IMF
SFR = (3.10)
2.%’6"%, for Chabrier IMF

where Ly is the intrinsic luminosity of the He line after being corrected for dust,
EWp, is the observed Ha equivalent width, M, is the absolute magnitude as measured in
the r-band (4 ~ 650nm), z is the redshift, and f(Ha), f(Hp) are the observed line fluxes
of the Ha and Hp lines respectively, the ratio between these two lines is often referred to
as the Balmer decrement, and can be used as a crude method of measuring dust. The 2.86

in the final term is the intrinsic (dustless) value of the Balmer decrement (f(Ha)/ f(Hp)),
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and by comparing it to the measured ratio of these lines, it can correct for dust attenuation
of the line and mitigate the underestimation of the SFR due to dusts presence. As will be
explored in section 3.5, the Balmer decrement is sensitive to the gaseous conditions (e.g.
temperature, ionisation parameter, abundances) within the galaxy, but only weakly.

The function sSSFR(M3x) is often called the specific star formation main sequence. In the
local Universe, it can be divided up into three distinct populations. The Main Sequence of
starforming galaxies is a tight power law, which can be parameterised in a variety of ways.

This work uses the following from Sargent et al. [2014]:

v — My A
sSFR(M.,, z)[GYr '] = 0.095 - 10 oo | St | - exp ‘ (3.11)
1 + Bz€

where sSFR is a function of stellar mass (M.,) and has redshift (z) as a parameter.
v, A, B&C are dimensionless constants, which are set to the best fit values from Sargent et
al. [2014] of (-0.21, 2.05, 0.16, 1.54) respectively. In addition to this main sequence, the two
other significant populations of galaxies in the local Universe. The first is the passive "red
& dead" galaxies, which by a variety of mechanisms — a combination of AGN activity, past
intense star formation and stripping — have lost much of their gas, leading to significantly
suppressed sSFR values — around 1.5dex or more at fixed stellar mass. Between the two
sequences lies a sparsely populated "green valley" of galaxies which are thought to be
transitioning between the two. Finally, the main sequence has significant upward scatter —
Sargent et al. [2014] treats this as an additional log-normal component at fixed stellar mass
with peak sSFR boost ~0.4 dex above the main sequence.

From equation 3.11, we can see that the final, exponential term is simply a function

of redshift. If we define Q(z) = exp [1:};20] , by just plugging in numbers we can notice
that e.g. Q(0.8)/Q(0.3) = 0.4. This means that standard star-forming galaxies at z = 0.8
can occupy a very similar position in sSFR-M.,. space as z = 0.3 galaxies undergoing a

starburst, leading to further natural motivation for these objects being good analogues to

high-z galaxies.
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Figure 3.6: Plot of sSFR vs. Mstar for the sample of EELS, in comparison to observations
at z = 0.15 [Sargent et al., 2014], z = 4,5,6 (blue lines, from bottom to top) [Salmon et
al., 2015], and theoretical predictions from the BLUETIDEs simulation at z = 8 [Feng et al.,
2016a].

Figure 3.6 shows the sSFRs as derived from the Ha line strength for the EELS sample
compared to the sSFR relation for all galaxies outlined in equation 3.11 with z = 0.15, which
lies approximately in the center of the redshift cuts made during selection. Additionally, we
compare to theoretical predictions from the BLUETIDES simulation, along with high redshift
observations from Salmon et al. [2015]. The EELS largely lie significantly above the local
main sequence, and much more closely match typical star-forming galaxies at much higher

redshift further motivating their status as analogues.

3.3.2 Mass-metallicity relation

The second defining physical property of EELS is their low gas-phase metallicity. Gas

phase metallicity is defined as the fraction of elements other than H & He in the ISM. This
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is a hard quantity to measure because effectively the ISM is a sea of hydrogen with only
trace amounts of all the other elements. The small quantities and complicated physics mean
that it is largely impractical to measure metallicity directly, however techniques do exist to

estimate it.

The most accessible method is to use measurements of emission lines produced by
the interaction of ionising photons from massive stars with nearby gas (i.e. Hi regions).
Though this strictly is only a measure of the metallicity of gas illuminated by these stars and
not a measure of the total gas metallicity of the galaxy, likely biasing the measurement. A
further complication is that line ratios are not only dependent on the metallicity of the gas
but also the ionising source (ionising spectrum and ionisation parameter) and conditions of
the emitting gas including the density and temperature.

Depending on the lines available and their signal-to-noise a range of different calibrations
have been explored in the literature. These techniques largely fall into two categories: direct
methods that utilise the faint electron temperature and density (e.g. [O1id4363]) lines to
directly break the degeneracy of metallicity with these quantities and strong line methods
which only use the more accessible strong lines (e.g. Ha, HB, [O11]45007, etc.). There
exist a range of strong line calibrations available in the literature.

Unfortunately the GAMA spectra alone (see Section 3.5) is of insufficient depth to
robust measure the faint electron temperature and density lines and thus utilise the direct

method. Instead we use the O3N2 diagnostic developed by Pettini and Pagel [2004]. The

O3N2 quantity is:
[01111A45007/HB
O3N2 =1 3.12
810\ TINTI]/Ha (312)
which is related to O/H using:
12 +log,((O/H) = 8.73 - 0.32 - O3N2 (3.13)

where the named lines represent the line fluxes of each line, and 12 + log,,(O/H)
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represents the log ratio of oxygen to hydrogen by mass present, which is a proxy for the overall
metallicity of the galaxy, up to some calibration depending on the chemical abundances
present. For reference, solar metallicity in this formulation is 12 + log,,(O/H) = 8.63
Figure 3.7 shows the mass-metallicity relation for the EELS sample. They predominately
have metallicities between 12+1log,,(O/H) = 7.8 -8.5 (i.e. consistently sub solar), showing

no significant evolution with increasing mass.
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Figure 3.7: Mass-metallicity relation for the EELS sample. For comparison are lines
corresponding to solar metallicity (dashed line), the BLUETIDES simulation at redshift 8 (red
curve), and a local O3N2 diagnostic relation (blue curve) as measured in Thomas et al.
[2019]. All circles are objects in the EELS sample. Larger, light blue circles are galaxies
which X-SHOOTER spectra were subsequently obtained (see section 3.5.

It should be noted that in order to measure the metallicity in this way, four rest-frame
optical lines must be obtained (see equation 3.13, which is a serious challenge for high
redshift galaxies with current telescopic technology. Webb is ideally suited to take these

measurements, obtaining deep rest-optical spectra allowing the true extent of the analogy
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between EELS & EoR galaxies to be tested. Thus we simply compare the EELS to
predictions from BLUETIDES, which predicts a power law with slope ~ 0.5 with increasing
mass. This is in contrast to the flatter-but-higher relationship suggested by the EELS,
suggesting that they have higher metallicities than all but the most massive high redshift
galaxies. Finally, it is worth remarking that metallicities are both challenging to measure
and simulate, exhibiting extreme sensitivities to input physics of simulations, and requiring
the traversal of multiple scaling relations to obtain from spectra in this way [e.g. Sutherland

and Dopita, 1993].

3.3.3 Source of ionising photons

EELS have relatively strong ionizing radiation fields, due to the large numbers of O/B/A
stars active within them. However it is equally possible (especially with our selection simply
on the He line) that the strong emission is sign of an Active Galactic Nuclei (AGN). While
the existence of low-luminosity AGN is interesting the presence of the AGN will render
stellar mass, star formation, and metallicity measurements invalid. Moreover, theoretical
modelling suggesting the contribution of AGN to galaxies at high-z is small [Behroozi et
al., 2013].

Fortunately, there exist a number of nebular emission line diagnostic diagrams, so-called
BPT diagrams (named after “Baldwin, Phillips & Telervich”), that can be used to distinguish
the ionization mechanism of nebular gas. Several different versions of these diagrams exist,
however, we focus on a single diagram, the commonly used BPT-N11 diagram.

The BPT-Nu diagram uses the ratios of the [Omi] & HpB, and [Nu] & Ha. The
use of hydrogen lines mitigates the effect of dust: the amount of attenuation over the
small wavelength ranges between [Omi] & Hp, and between [Nu] & He is approximately
constant, therefore by normalising by these lines — whose intrinsic ratio is assumed to be
approximately constant in the ISM [Osterbrock, 1974] — we can correct for dusts effect on

the metal lines.

Various studies [e.g. Kewley et al., 2001; Kauffmann e al., 2003] have defined the
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dividing line between ionisation due to star formation (massive stars) and AGN. In general

galaxies with high (or strong) line ratios are associated with AGN.
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Figure 3.8: BPT-Nu diagram of the EELS sample. Grey point cloud is the entire GAMA
sample, while coloured points are EELS.

The BPT-Nur diagram for the EELS is shown in Figure 3.8. As can be seen, most of
the EELS occupy the upper left tail of the local star-forming galaxy distribution (grey point
cloud is the whole GAMA sample). The location of this main cloud is in line with other
studies in the literature which have found similar high-z analogues , z ~ 2 galaxies, and
compact high-sSFR galaxies in general in this location [e.g. ??].

However, a small number - 7 (9) - of the original EELS sources fall above the Kauffmann
et al. [2003] (Kewley et al. [2001]) dividing line and are therefore likely to be contaminating
AGN. Due to the difficulty in extracting the AGN and measuring the true galaxy physical

properties of these sources these are omitted from subsequent analysis.

3.3.4 Star Formation History

One final physical property briefly worth noting is that of the star formation histories of

these galaxies. In the standard GAMA pipeline modelling [Wright et al., 2016], as almost
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all of the galaxies are at low redshift, the assumption is that all of the galaxies have declining

exponential star formation histories, that is:

SFR o« exp —At (3.14)

where A = 1/ is the inverse of the e-folding time, and is strictly greater than 0.
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Figure 3.9: Histogram of the exponential SFH parameter A for the 136 EELS galaxy sample.
Modelling contained within GAMA catalogue restricts A to the blue shaded area (falling
exponential SFH). Red bars show histogram of median best fit parameter, whereas the black
bar shows the stacked PDFs of the same objects. When parameter is allowed to move freely,
all but 6 galaxies show preference for a rising SFH.

However, in our initial modelling, we opted to leave A to vary across both positive and
negative, as if these galaxies are reasonable analogues of high-z galaxies we would expect
them to have rising SFH (i.e. 4 < 0). Figure 3.9 vindicates this choice — almost all of the
galaxies in the sample are consistent with rising SFHs. As will be shown explicitly later
in section 4.9, this means that the standard catalogues either pathologically underestimate

the number of young stars, and therefore the recent star formation activity in these galaxies,
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and/or they must overestimate the stellar mass to compensate.

Summary The summary of the EELS physical properties is that they are well matched
to both observations and simulations of the typical population at much higher redshift than
where the EELS reside in sSFR-M, space. However their metallicities appear, at least
based on prediction from hydrodynamical models, to be too high for them to be considered
true analogues of galaxies in the distant Universe, lying somewhere between the BLUETIDES
predictions of z ~ 8 galaxies, and solar metallicity, while also exhibiting a much flatter

evolution with stellar mass.

3.4 Model Comparison with INTERROGATOR

One specific question we wish to answer about these galaxies is what the model uncertainties
look like — if we change some aspect of the model being used, how does that change the
parameters inferred?

To do this we adopt the following methodology: each EEL sample galaxy is run through
INTERROGATOR With the fiducial model as mentioned in section 3.3. To restate, this model

involves the following choices & priors, and we call this model "1":

SPS model - Pegase v2.0

SFH - A single parameter exponential model, with time constant free to be both

positive (dec. SFH) and negative (rising SFH)

* Nebular Emission - Active, provided by cLoupy

Dust Modelling - Calzetti dust curve

this model is then perturbed in the following ways with replacement (i.e. they are all

perturbations on model 1, not on each other):

2. Swap the SPS model to BPASS v2.2.
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3. Remove Nebular Emission (force f,;c = 1).

4. Change the IMF to a Salpeter IMF.

5. Restrict the SFH to be constant only.

6. Restrict the SFH to be exponentially declining only.

7. Combination of models 3 and 6, which matches the assumptions GAMA modelling

make.

In addition, we include the two model fits available in the original GAMA catalogues

[Wright et al., 2016]:

8. LamBpAR Catalogue.

9. MacpHuys Catalogue.

We focus on the two properties that are arguably the most important for the study of EoOR
galaxies — the stellar mass, and the star formation rate. Effectively these allow constraints to
be placed on the star formation history (SFH) both for the individual galaxy and the cosmic
SFR density as a whole.

Figure 3.10 shows the model comparisons in stellar mass. Overall, we find that the
average mass undergoes significant scatter — the combinations we tested have a scatter on
their medians of ~ 0.2dex, and individual galaxies can have much larger changes based on

model choice.

Switching the SPS model to BPASS causes the stellar mass of every galaxy in the
sample to increase, with a median value of ~ 0.35dex. This is mostly due to two factors —
the BPASS v2.2 version only supports the Salpeter IMF, which as can be seen from model
4, increases the mass by increasing the proportion of low mass stars at fixed normalisation.
In addition, BPASS is unique in that it allows stars to form binaries. High mass stars in

binaries have harder spectra than those which form alone, which means less mass in the
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young stellar population bins is required to reach the UV observations, and more mass is
put into older, lower M/L ratio bins, increasing the overall mass.

Nebular emission contributes to stellar mass in two ways — the addition of continuum
emission means that less stellar content is required to bring the continuum up to a given
luminosity, as by definition the observed continuum is the sum of the stellar and nebular
components. This means that if nebular emission is non-zero, there must be some reduction
in the inferred stellar mass. Secondly, these fits were carried out with the broad band
photometry, which is vulnerable to contamination from large nebular line fluxes, which
artificially raise the observed continuum if you then neglect to include these in the model
when fitting.

Switching to a Salpeter IMF over the Chabrier has the effect of increasing the proportion
of low mass stars at fixed normalisation — see figure 1.3. As these low mass stars both emit
weakly in the UV, and also have much higher mass-light ratios than high mass stars, the
switching of IMFs will increase the mass. The two IMFs have (proportionally) the same
numbers of high mass stars in, so as these are added in order to meet the UV observations,
more low mass stars are added, which have little effect on the overall optical/IR flux, but

add mass all the same.

As established in section 3.3, these galaxies are all consistent with exponentially in-
creasing star formation histories. If however, we restrict the SFH to either a constant, or
exponentially declining with time, the measured mass is likely to increase because the best
fit SFH will often have less stars in the very youngest bins. These bins contain the stars with
the lowest mass to light ratio, and "replacing” them with older stars of the same luminosity
requires more mass.

These changes are highly non-linear however — model 7 is the sum of the changes of
models 3 & 6, and results in almost no change in the inferred masses. It is likely that this
arises because nebular continuum can be replicated with lower mass stars from a slightly
more steeply declining SFH, while keeping the mass fixed, however a scenario like this is

incredibly hard to test due to the complex interactions between the models.
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Another result of note is that the medians are largely in 1 sigma agreement with each
other, and entirely in agreement to 2 sigma, so while this effect isn’t such that one model
set can be "incorrect", model uncertainty is something that certainly should be taken into

account when quoting the stellar mass of a galaxy measured from photometry as these are.
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Figure 3.10: Comparison of log,,(M * /M) inferred from INTERROGATOR model fits with
different models. Numbered models are described in the text. Models 2-7 are perturbations
on the fiducial model, and 8 & 9 are from the GAMA data products, again as described in
the body text. Black points are individual galaxies, green points are the medians in each
bin, with errors on the median as green errorbars.

Similarly, figure 3.11 shows the same comparison information for the SFR. It is much
more difficult to make any statements on the spread of these values, as they are degenerate
with other parameters such as dust content and metallicity.

There are some limited statements which can be made however. Firstly, the removal of
nebular emission actually has little effect on the measured star formation rate as measured

from photometry. The median is <10 from the fiducial model, and over 70% of individual
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objects are also within 1o of their fiducial model measurement. More curiously, even if we
neglect nebular emission and enforce a declining SFH (which, as established in figure 3.9
is inaccurate for these objects) we still recover the same SFR as the fiducial model.

This is because the amount of dust is effectively unconstrained. The two GAMA models
are very similar in process to the declining SFH/no nebular model, however they have one
important difference — GAMA modelling includes fa infrared data from Herschel, which
provides independant constraints on the dust content. This explains their significantly lower
and tighter distributions — they are unable to arbitrarily add star formation & dust due to the
FIR restriction, and thus cannot produce SEDs with high SFR with declining SFHs.

It is most important to note that the spread on the median represents a factor ~3 variation,
but individual galaxies can have much more scatter across models than this. Individual
galaaxies can see increases in SFR by a factor ~ 10, and decreases in SFR by up to a factor
~ 50 in extreme cases. This can be for a variety of reasons, but the underlying theme is
that other parameters can “make up” for changes in modelling. If independent constraints
are placed on these parameters, then the accurate reproduction of inferred parameters such
as M* and SFR falls apart. It bears reiterating then, that when analysing galaxies with
limited data, model uncertainties can potentially be a dominant force, and folding them into
any statements on the physical properties of these types of observations important. This is
especially important when looking at actual high-z galaxies, where large samples are not
available, and even with Webb large samples will not be forthcoming. In addition, FIR
data is likely not available for these objects either. It will therefore be of vital importance
to perform this sort of test, because we ultimately don’t know which set of models best

represents the true Universe, and potentially the scatter in both M* and SFR can be large.
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Figure 3.11: Comparison of log,,(SFR) inferred from INTERROGATOR model fits with
different models. Numbered models are described in the text. Models 2-7 are perturbations
on the fiducial model, and 8 & 9 are from the GAMA data products, again as described in
the body text. Black points are individual galaxies, green points are the medians in each
bin, with errors on the median as green errorbars.

3.5 Spectroscopy with VLT X-SHOOTER

The sensitivity and resolution of the GAMA spectra only allows us to measure metallicities
via the imprecise strong line diagnostics.

As noted previously, the most reliable determination of elemental abundances are via
relative strengths of emission lines from Hii regions, including weak, temperature-sensitive
transitions such as [Om1]4436.3nm - commonly known as the direct method [??].

To provide the necessary lines, sensitivity, and resolution time was obtained on VLT/X-
SHOOTER (Vernet et al. 2011) in P96B (096.B-0632, PI Wilkins) to obtain UV - NIR

spectra for a sub-sample of the EELS. In addition to the measurement of the [O111]1436.3nm
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line, the UVB arm of X-SHOOTER is sufficiently sensitive and of high enough resolution
to detect and separate the [O11]A4372.7n0m,372.9nm doublet, from which we can derive
O+/H+ and thus remove the need for uncertain ionisation correction factors. The wavelength
range accessible to X-SHOOTER also encompasses the [S11]14671.6nm, 673.1nm doublet
whose ratio is sensitive to electron density (V,), further enabling accurate direct-method
abundances [?]. Together, these combination of lines should provide robust metallicities of

the EELS.

One unique aspect of X-SHOOTER is its ability to simultaneously obtain spectra from
300-2500nm using three arms (UVB, VIS, and NIR). This not only provides access to
the lines necessary to obtaining accurate metallicities but also a host of other useful lines,
enabling us to answer other science questions.

Specifically, the X-SHOOTER spectroscopy of our sub-sample of EELS will allow us
to measure all the bright hydrogen Balmer and Paschen series lines, extending from 400-
1900nm. Because of the intrinsic ratios of these lines are only weakly sensitive to metallicity,
density, and temperature, their measurement can potentially allow us to constrain the relative

attenuation across the visible and near-IR and thus allow us to constrain the dust curve.

3.5.1 VLT-XSHOOTER Observations

Observations of 19 EELS (EELS-1 — 19) were proposed with 12 ultimately observed in
service mode. Each of the 12 sources were observed for ~ 25 minutes. The resulting
raw observations were reduced using the version 2.6.1 of the X-SHOOTER pipeline by a
collaborator (J. Caruana, University of Malta) with reduced and calibrated spectra provided

for analysis.

3.5.2 Line Fitting VLT-XSHOOTER spectra

With spectroscopic redshifts already established the first task was to accurately fit each
target line. To acheive this we developed a simple line and continuum fitter using EMCEE

(section (2.3.1 ) to create a simple line and continuum fitter.
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We divide the spectra through by (1 + zg) where zg is the spectroscopic redshift from the
GAMA catalogue (figure 3.1) so it is in the rest frame. Then cut out a piece of the spectra at
Ac £ 50, where A¢ is the “book™ wavelength of the line, in order to isolate the line as much
as possible. We treat this cut-out as a combination of a straight line (continuum) and a
gaussian G (line emission). However, as the slope and intercept of a traditional y = mx + ¢
line are extremely unstable (as we are fitting the line very far from the pivot point at x = 0
we re-parameterise the continuum in terms of Ay, 41, yo, y1 where Ao, 4 are the wavelengths
of the endpoints of the cutout, and yo, y; are the fluxes at those points. This means the

model function looks as follows:

F model(/l) =

- A+ 4
YL=Y0 ) 40,5050 + y1) (41 + o)

A — Ao 2 a0+ A G Aco)  (B15)

This model therefore has 5 parameters: A, Ac, o, yo, y1, which represent the amplitude
of the line emission, the line center, the line width, and the two endpoints of the continuum
line (effectively encoding the slope and intercept of said line) respectively. Figure 3.12
shows a toy example of this fitting procedure in action, the blue line represents a model
input, from which noise is added, where the peak of the line has SNR=20. This data is then
fit with 50 walkers, 5000 iterations, and removal of the first 500 iterations as burn-in. The

green line is then a model realisation of the median parameters, showing that the recovery

is very strong in this SNR regime (y? = 1.14 for this example).
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Figure 3.12: Demonstration model of EMcEE based line fitting code. Smooth input model
(blue) is degraded in resolution, and noise is added (yellow) where SNR,.qx = 20. Line is
then refit as described in main text: green line represents the median recovered parameters.

For each line, we adopt uninformative flat priors, imposing limits of where we physically
expect the parameters to lie (e.g. the model amplitude can extend from O to 100X the
maximum data value). The one exception is the central wavelength. As we know where
these lines should lie in the rest frame, but there may be some slight variation due to

the sampling of the spectra, we opt for a narrow gaussian prior centered on the “book”

wavelength, and with o = 5A.
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Figure 3.13: Line fit of Ha, HB, Hy and O11115007 of a galaxy from the EELS sample.
Red lines are from the original GAMA spectra, and blue are from the obtained X-SHOOTER
spectra. Circles represent binned data, and solid line represents the model with median
parameters. Darker points are those within 3-0- of the inferred central wavelength Ac.

We also opt to fit both the original GAMA spectra, and the X-SHOOTER spectra, both
as a test case of the code and to check for consistency between the spectra. Figure 3.13
shows example fits for the GAMA (red) and XSHOOTER (blue) line emission for one of the
objects. We include the other fits in appendix B, along with the full X-SHOOTER spectra
of the sample.

It should be noted that during the course of this process, and following a visual exam-
ination, that the object denoted EELS-01 was fund to have a detective spectra not suitable
for analysis. It is included in analysis figures for completeness, but was excluded from all
calculations beyond this. The spectra can be see in appendix figure ?? for comparrison to

the other sampled objects.
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3.5.3 Line Ratios

Armed with the measured flux for each target line we can now explore various line ratios.
To begin we explore the ratios of strong lines and compare them to the GAMA/AAT spectra

derived values as an integrity check.

Balmer decrement 3.14 shows the Balmer decrement (Ha/Hp) as calculated from the
two spectra as highlighted above, and also directly from the GAMA catalogue — faded
blue points represent calculations done by simply numerically integrating the continuum
subtracted data, with the GAMA values taken from the catalogues [Baldry ez al., 2018]. The
red points represent the same but calculated from a Gaussian fit, again with GAMA values
taken from the catalogues and the X-SHOOTER values taken from the calculations earlier
in this section. The 1:1 line represents both spectra returning consistent results for the two
lines (or at the very least their ratio). The shaded blue box represents allowed values for the
Balmer decrement — dust attenuates more at shorter wavelengths, so as more and more dust
is added, the Ha line is attenuated less than H, causing their ratio to only increase. When

no dust is present, we adopt the value of 2.88 as their intrinsic ratio [Osterbrock and Ferland,

2006]. While this value assumes a density ny = 10~2cm™> and temperature T = 10*K for

the gas, it only varies weakly in realistic ISM conditions.
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Figure 3.14: Plot of the Balmer decrement as measured in the GAMA catalogues [Wright et
al., 2016] vs. as measured in this work. Blue faded points represent calculations via direct
summation and red points represent calculations from gaussian fits with 1-o error bars.
Marked on the plot are the 1:1 line between the two spectra, and the shaded box represents
physically meaningful Balmer decrements — intrinsically the value is ~ 2.88, and increases
with increasing dust content.

Ascanbe seenin 3.14, 8 of the 12 galaxies in the sample lie in regions of parameter space
which would represent dust with a preferential attenuation of longer wavelengths. Even
stranger, 3 of the 12 galaxies show this behaviour in both the GAMA and X-SHOOTER
spectra. This obviously represents a problem with either the modelling or with the data
acquisition. After detailed correspondence with the X-SHOOTER team, and re-reduction
of the data, errors in the reduction process could not be found.

We also carried out various diagnostics to ensure that the calculations we had carried

out weren’t erroneous. Figures 3.15 and 3.16 show the ratio of the catalogue fluxes to the
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fitted fluxes (the red fluxes shown in figure 3.13 and Appendix B) from this work for Ha
and Hp, as functions of observed wavelength and of catalogue flux. These show that there
is no dependence on either quantity, however we systematically underestimate Ha slightly,
and overestimate Hf as compared to the catalogues. This would increase the Balmer
decrement, however it is unclear a) why this happens, or b) what an appropriate correction
would be. As it still remains possible that the acquisition of these objects is also faulty
(multiple GAMA catalogue measurements display un-physical Balmer decrements still) it

was deemed irresponsible to attempt to apply some correction and continue the work.
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Figure 3.15: Ratio of the GAMA spectra flux for Ha (left) and Hp (right) as measured
using EMCEE (see main text) and from the GAMA catalogues [?] as a function of line

brightness
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Figure 3.16: Ratio of the GAMA spectra flux for Ha (left) and Hp (right) as measured
using EMCEE (see main text) and from the GAMA catalogues [?] as a function of observed

wavelength.

Summary VLT/X-SHOOTER observations of a sub-sample of 12 EELS were obtained,
reduced, and some preliminary analysis completed. Unfortunately, early results from anal-
ysis of the Balmer decrements yielded results significantly different from the GAMA/AAT
derived values and, in the majority of cases, values implying stronger attenuation at He than
Hp which is un-physical. With both these problems raising concerns about the integrity
of the observations and/or derived quantities the decision was made to abandon this part
of the project and concentrate efforts elsewhere. However, with improvements to the X-
SHOOTER pipeline (the current version is 3.5 compared to 2.6 used in this study) it might

be worth re-examining whether the issue still persists in the future.

3.6 Conclusions

We first, in Section 3.2, select a sample of high-z analogous galaxies from the GAMA
survey. We select these galaxies on the equivalent width of their Ha line: strong Ha

emission is produced by star formation, but if it is a high mass galaxy, the continuum will

also be strong reducing the EW. Therefore we select galaxies with EW(Ha) > 200A, and
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with redshift 0.05 < z < 0.3. We are able to make such a simple selection thanks to the
high quality spectra provided in the GAMA survey, other selections have been forced to use
colour based selections as they only have access to photometry. Our sample after selection
consists of a sample of 136 EELS.

In Section 3.3 we then derived and analysed the physical properties of our EELS sample
using using INTERROGATOR. We find that these EELS are good analogues to high redshift
galaxies when considering their positions on the galaxy main sequence. They have relatively
low stellar masses, and significantly enhanced specific-SFR compared to the local Universe
main sequence, on average following much more closely the star forming galaxy main
sequence as high as z ~ 8. The sample also exhibits metallicities significantly below the
mass-metallicity relation, however the distribution is much flatter and much less offset than
that of simulated high-z galaxies. Extreme care must be taken when trying to draw analogies
between low redshift EELS or similar, and true EoR star-forming galaxies. Finally, we find
in the INTERROGATOR fits, that the galaxies in our sample almost all contain rising star
formation histories, which motivates our use of our physical parameters over those provided
in the catalogues, as the catalogues assume a falling star formation history a priori and this
can severely bias the measurements of other parameters.

In Section 3.4, we then moved to quantifying this difference, by carrying out a model
comparison between the galaxies in our sample — i.e. how do inferred physical parameters
change when we use a different model to infer them? We find scatters of ~ 0.4dex in both
the median stellar mass and star formation rate for the choice of models we chose, with
significantly larger scatter possible on individual objects. While these galaxies are arguably
the “worst case” in the local Universe, it is important to quantify these changes because the
large amounts of nebular emission and unusual rising SFHs are much more common in the

EoR.
Finally, as described in Section 3.5, we obtained and analysed VLT/X-SHOOTER

spectroscopy of a sub-sample of 12 EELS. In principle this should permit the measurement

of accurate direct method metallicities and constraints on the shape of the dust curve. We
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design an EMcee-based line fitting code to fit emission lines from these spectra, with the
aim of using known intrinsic line ratios to accurately map the dust curves of these objects.
Unfortunately, early analysis raised concerns of the integrity of the observations themselves

or reduction prompting us to abandon this part of the project.
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Chapter 4

The Star Formation and Metal
Enrichment Histories of Galaxies in the
Epoch of Reionisation

This chapter focuses on the star formation and metal enrichment histories and modelling
of the stellar spectra of galaxies in the Epoch of Reionisation (EoR). Specifically, creating
a model of how the stellar populations are distributed in age/metallicity space that is more
physically representative of the populations of galaxies during this period than commonly

used alternatives.

4.1 Motivation

Many SED fitting codes make the assumption that galaxy star formation histories are
constant or declining (i.e. most star formation at higher ages). However, the earliest
galaxies are expected to have increasing star formation histories.

Furthermore, most SED fitting techniques operate under the assumption that the stellar
metallicity is constant throughout the galaxy. They make this assumption because then all
that is required is a single parameter which describes the metal content for stars of all stellar
ages. One notable exception is VESPA [Tojeiro et al., 2007] which assigns each age bin of
the SFH a different (= single) metallicity.

This model of chemical enrichment is obviously untrue — we could think about compar-
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ing the very first stars — often known as population III stars, which would have almost no
non-hydrogen, non-helium elements, and compare them to the next generation population
IT stars. These stars will have formed from gas which has been enriched by the previous
generation, and are thus almost guaranteed to have higher metallicities.

In order to make any meaningful statements about these populations, it is invaluable to
have a “true” distribution to compare to. We will therefore use the BLUETIDES simulation as a
source of our galaxies. This offers the significant advantages that we can isolate the sources
of error that arise from modelling rather than also having to contend with observational
errors. We also remove any errors related to turning a population of stars into their overall
light — we can ignore the effects of dust, the ISM, IGM, and any modelling errors which
arise from the fact that SPS models are not a perfect representation of real stars — all of
these effects of course still exist, but the models INTERROGATOR or indeed any other SED
fitting code would use all ultimately take a pure stellar spectra and apply corrections to it
(see 2.2.1 for how this is done).

We fist introduce the elements necessary to carry out this analysis, then model the
SFHs without considering metallicity. We then introduce a way to model the metallicity
distribution, and then the joint age-metallicity distribution of these galaxies, comparing to
BLUETIDES in stellar population histogram space. Finally, we explore the impact this has
on observables, and what modelling errors can be introduced from just the stellar spectra
when detailed observations of the rest frame UV and optical are made with JWST.

The overall motivation of this approach is to offer a higher-parameter, more realistic
model of the stellar populations of EoR galaxies in SFH-Z space, and to fold this model into
INTERROGATOR as a sub module replacing a traditional SFH & single valued metallicity.

With the high quality data which future observatories promise, interpretation via mod-
elling must keep pace, and this technique offers a novel approach to examining stellar
populations. For lower redshift galaxies, it is not expected that this technique will be ap-
plicable as the mixing times for the galaxies gas reservoirs will be much shorter than the

age of the Universe, but in the EoR where this is largely not true, the uneven distribution
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of metals could be misinterpreted, leading to systematic uncertainties derived from any

measurements made.

4.2 The Bluetides Simulation

As described in Section 1.4.4 a relatively recent (< 10 years) development in in numerical

galaxy formation is the ability to run hydrodynamical simulations, which self-consistently

follow the evolution of dark matter and baryons, in cosmological volumes (i.e. > (50 Mpc)?).
These simulations include baryonic physics such as cooling, star formation, and feedback
from stars and super-massive black holes. While these simulations still involve some
sub-grid physics on small scales there is much less than used in semi-analytical models.
Crucially, these simulations therefore predict star formation and metal enrichment histories
by their very nature of tracking baryon physics from the outset. These are represented, in
most cases, by a number of discrete (in formation epoch, metallicity, position, etc.) star
particles. In cosmological simulations these star particles don’t represent single stars but
rather clusters of tens of thousands to tens of millions stars, depending on the resolution of

the simulation.

While there are a number of prominent examples of cosmological hydrodynamical

simulations such as EAGLE [Schaye et al., 2015] and Illustris [?] one downside of these

simulations is the relatively small volume simulations (~ (100 Mpc)?). This is particularly
problematic at high-redshift where the space density of galaxies is much less than at lower-
redshift providing poor statistics. Overcoming this issue is the BLUETIDEs simulations.
BLUETIDES is a cosmological hydrodynamical simulation (that is, a simulation whose box
is larger than the focused specifically on simulating the Epoch of Reionization (EoR),
specifically at z > 8 (phase I) and z > 7 (phase II, not considered in this work). By
simulating only the EoR BLUETIDES is able to simulate a much larger volume at high-
resolution than other simulations.

Specifically, BLUETIDEs encloses a box of 400// Mpc on a side and uses 2 X (7040)°
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particles making it amongst the most ambitious hydrodynamical cosmological simulations
ever undertaken. The simulation was performed at the National Center for Super-computing
Applications, on the BlueWaters cluster, on some 650,000 cores.

Full details of the BLUETIDES hydrodynamics and sub-grid modelling are provided in
Feng et al. [2016a]. However it is worth recording a few of the most relevant details for our

purposes here:

* BLUETIDES uses a heavily modified version of the GADGET code [Springel et al., 2001;
Springel, 2005] described originally in Feng et al. [2016a]. Specifically it adopts the
pressure-entropy formulation of smoothed particle hydrodynamics to solve the Euler

equations [Hopkins, 2013; Read et al., 2010].

* Initial conditions were generated at z = 99 using an initial power spectrum from

Lewis and Bridle [2002]

e Star formation mechanisms were implemented according to the multi-phase star
formation model outlined in Springel and Hernquist [2003], folding in additional
effects from Vogelsberger et al. [2013]. Gas cooling is handled radiatively following
Katz et al. [1996], and via metal cooling approximated by scaling a solar metallicity
template, as used in e.g. ?. Molecular hydrogen quantities are estimated from the
column density of gas, and the precise effect of the molecular hydrogen on star

formation follows Krumholz and Gnedin [2011].

* The formation of supermassive black holes (SMBHs) and their feedback are handled
following Di Matteo et al. [2005]: halos with a mass greater then 5 x 10'0 2~! Mg

are identified and seeded with a black hole of mass 5 x 10° A~' M. This mass

is consistent with models of direct collapse for the formation of SMBHs, but is

ultimately a free parameter which is suggested to range between 100M, and 10°M,,.
Feedback energy produced from SMBHs is deposited in the gas particles surrounding

the SMBH.
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4.3 Star formation Histories

As discussed earlier in section 1.5.1.1, and 2.2.1.1, star formation is the most important
process governing the evolution of a galaxy. The bulk properties of the stars — star formation
rate, stellar age and, star formation rate — can be said to be the most fundamental properties,
and measuring these accurately gives us vital insight into both the evolution of individual
galaxies, and the stellar content of the Universe as a whole.

We find ourselves in the predicament that we wish for the prior on the SFH to be as
uninformative as possible, because choice of a prior is ultimately a free choice. Unfortu-
nately this is in tension with the fact that extracting SFHs from galaxy SEDs is a poorly
conditioned problem [Ocvirk et al., 2006], where small changes in observations results in
large changes in the recovered SFH, especially for older age bins in galaxies which are

continuously forming stars. This is due to the ‘fact that luminosity from stars scales with

their mass as anywhere from M?3 to M* depending on the mass range being considered.
This means that even the black-body tails of high mass O/B/A stars can easily dominate
over the peak emission of lower mass G/K/M class stars. This is the core of the problem
when trying to pin down star formation histories at older ages — the remaining old stars are
too dim to meaningfully contribute to any galaxy with recent star formation. We thus find
ourselves in the situation whereby any measurements of key stellar galaxy properties are
very sensitive to the SFH choices [e.g. McLure et al., 2011; Mobasher et al., 2015; Salmon
et al., 2015; Iyer and Gawiser, 2017].

In order to examine these choices, we begin by dividing the BLUETIDES galaxies into bins,

across redshift — six bins centered at integer redshifts between 8 and 13 — and then further
by stellar mass ( four bins with M, /My < 108, 108 < M, /M, < 10°, 10° < M, /M, < 1010

and, M./My > 10'9). Table 4.1 shows the numbers of galaxies contained within each of

these bins.

As noted above, the stellar content of galaxies in BLUETIDES, like most cosmological

hydrodynamical simulations, are represented by a discrete number of star particles with
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| redshift [13 12 11 10 9 8 |

M./My < 108 3 16 66 220 672 1893
103 < M,/My < 10° || 24 122 543 2358 8589 27073
10° < M, /Mo <100 0 0 10 58 346 1650
M./ Mg > 1010 0 0 O 2 0 30

Table 4.1: Number of galaxies in the BLUETIDEs sample contained within each mass and
redshift bin.

formation epoch and metallicity. In the context of BLUETIDES these star particles each have

an initial mass 8.47 X 10°My. While the actual mass will evolve over time as high-mass
stars evolve off the main-sequence for our purposes we are only interested in the initial mass
as this is what is used to define the star formation history and generate SEDs. To assemble
a non-parametric star formation history for each galaxy we need only bin these particles by
age.

Throughout this chapter, we opt to use SFHs normalised to the true stellar mass of the
galaxy from the sum of the particle masses in BLUETIDEsThis approach is so that we can
examine the differences in modelling assumptions without needing to worry about effects
from the best fit providing a different normalisation from the data.

A simple example of why this is necessary would be if applying our prescription kept the
SED precisely the same shape, but reduced the normalisation by some amount. We could
then create a degeneracy between metallicity distribution and stellar mass, which would be
unbreakable. Because we are using simulation data and are able to know the true mass of
stars, fixing one of the degenerate variables allows the effects of the other to be known.

As we will see later these effects are in fact degenerate, and the quantities we are largely
interested in are independent of the overall normalisation — they are only dependant on the
shape of the SED. This of course changes when we move from tracking the stellar population
to modelling the light it produces, but having first isolated the effect provides vital insight
into how to treat the SED generation process (and therefore the reverse process of SED

fitting too).
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4.3.1 The Average SFH by Mass and Redshift

Figure 4.1 shows these stacked SFHs, along with the two most commonly used SFHs for
galaxies in the EoR. Those SFHs, as introduced in section 2.2.1.1 are referred to as constant

and exponential, their explicit equations, in normalised fractional form are:

1
SFR = —exp(—t/71) 4.1)
T
and
1 t<
SFR= L { = a0 4.2)
ap |0 t> ap.

Where in both cases ¢ is the time counting backwards from the present time the galaxy is
being studied. For example for the z = 8 sample, #(z = 8) = 0 and the time of the big bang
is the age of the Universe at z = 8, i.e. t = 647 Myr. Both of these models are therefore
single parameter models, for an exponential the only parameter is 7: the exponential time
constant, and for a constant SFH the only parameter is ap: how much time there is between

the onset of star formation and the present epoch of the galaxy.
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Figure 4.1: Normalised and stacked SFHs of BLUETIDES galaxies. Missing plots correspond
to bins where there are less than 10 galaxies. Each plot has been given the same age scale,
and the red area corresponds to the maximum age possible at this redshift (due to age of
the universe considerations). The yellow line represents the best fit constant star formation
history, while the geen line represents the best fit 7 model — see text for details. Yellow and
green inscribed numbers are the median best fit e-folding time (7) and constant SFH cutoft
parameters (ag) respectively. Red vertical dashed line & shaded area denotes the maximum
possible age of a star particle due to the age of the Universe at the given redshift.
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To obtain these stacked SFHs, we separate all galaxies out into their mass/redshift bins.
For each bin we then histogram all of the star particles by age. Finally we normalise each
histogram to 1, resulting in the proportion of particles in each age bin. We find that the
stacks of these galaxies are extremely well represented by an exponentially rising SFH
(blue), over a — for example — constant SFH (yellow) across all masses and redshifts. A
measure of this can be seen in figure 4.7, where the vertical lines represent the SMAPE
(defined in equation 4.3) — a measure of the amount of mass placed into the wrong age bins.
At higher redshift the SFH becomes steeper, with a shorter time constant for fixed mass —
this is expected as these galaxies must have built up the same amount of stellar mass in a
shorter time. Similarly — although it is a much weaker effect — galaxies with higher mass
also have shorter e-folding times under a similar argument: they must have built up more

mass in the same amount of time.

4.3.2 Individual Galaxies

While this is promising for the stacked galaxies, high redshift samples are rarely so numerous
as to make statistical statements like this. It is therefore important to ensure that this SFH
accurately describes individual galaxies. To do so we move away from the stacked objects,
and perform the same process on each individual galaxy — histogramming the constituent
star particles by age, and fitting the constant and exponentially rising SFHs to them. Finally,
we calculate the performance of each fit using the following metric which is known as the

Symmetric Mean Absolute Percentage Error (SMAPE).

N * *
100% &% Mg — M7 ol

Nbins i=1 0.5 (MET,i + M:nodel,i)

SMAPEspy = (4.3)

SM APEgry represents the percentage of mass across all bins which has been “mis-
placed” — that is, what percentage of the total mass of the model is over or under-estimating
the mass in any given bin. Np;,s is the number of bins the BLUETIDEs particles are binned

into, and My, and M are the amounts of stellar mass in bin index i of the BLUETIDES

model,i
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particles and the analytic model respectively.

This metric effectively tells us the mass of stars in each galaxy which are mis-aged,
which is important because in cosmic terms all of the stars in these galaxies are young: even
small changes in the ages can result in huge swings in the luminous output of these objects.

Figure 4.2 shows the histogram of SM APEsry for the galaxies in the binned sam-
ples. According to this the constant star formation (yellow) only just underperforms when

compared to the exponential which was asserted to be a significantly better fit in figure 4.1.
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Figure 4.2: Histogram of the SMAPE (see equation 4.3) for the SFHs of the exponential
model (blue) and the constant model (gold) for BLUETIDES galaxies separated by mass and
redshift bins. Subplots with no histograms in represent bins containing less than 10 objects,

which are at risk of producing spurious results. Dashed lines represent the medians of the
histograms.
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4.4 The Metallicity Distribution of Bluetides Galaxies

SED fitters tend to treat the stellar and gas phase metallicities of a galaxy as if they are
constant throughout. This is a sensible approximation to make because for galaxies at most
redshifts, the molecular gas which goes into producing the stars is significantly enriched,
such that the supernovae produced at the end of the stellar generations life cycle won’t
increase the metallicity greatly above the galactic average — the galaxy as a whole will
evolve together towards higher metallicity.

However, at extreme redshifts, where enrichment is lower, stars which formed at similar
times can still have significantly different metallicities. This is because of the strong effect
of single supernovae events, which can affect the metallicity log;, Z of the surrounding gas.

With this in mind, we wish to explore the effects of relaxing this assumption by answering
the question: in the early EoR, where our sample of BLUETIDEs galaxies reside, how much

of a difference do both the star formation history and the metallicity distributions make?

4.4.1 The Average Metallicity Distribution by Mass and Redshift

We begin by examining the metallicity distributions as a whole. Figure 4.3 shows the stack
distributions of the metallcities in each mass and redshift bin. Of important note is the skew
or asymmetry in this distribution: there are more low-metallicity star particles than you

would expect from a log normal distribution.
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Figure 4.3: Normalised and stacked metallicity distribution of BLUETIDES galaxies. Missing
plots correspond to bins where there are less than 10 galaxies. Can be seen that clearly there
is a significant skew in the metallicity distribution, which would prevent us from applying
some simple prescription like a log-normal to it. This is due to the age dependence of the
average metallicty of a star, which we will see evolves quite strongly in time. Numbers in
each panel represent the y? of the distribution described in the main text (equation 4.7, and
figure 4.4) in black, and a symmetric log-normal distribution in red.

We can however, build an overall distribution that well matches what is observed using a
simple assumption that in each individual age bin, the metallicity is distributed as a normal

distribution in log;, Z, i.e.
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N(Z) = N(1) - G(logyo Z, uz(1),0z) (4.4)

where N(¢) is the normalisation, G is the normalised gaussian distribution, with shape
parameters peak uz, and width oz. For simplicity, we are assuming that oz will remain
constant for all ages. Thus we have two questions that require answering — What are the
functional forms of N(¢) and uz(¢)?

N(t) can be found by making the argument that at a fixed age, we are simply spreading
all the stars in that bin into various different metallicity bins. Therefore the amount of
mass in said bin should be the amount of mass that would be in the bin if we were using a
single metallicity, i.e. the amount of mass as predicted by the SFH. N(¢) can be found by

evaluating:

tl 00
/0 SFR(t)dt = / ooN(t) - G(log o Z, uz(t),0z)dlog,n Z 4.5)
t _

and as the normal distribution integrates to 1, evaluating the left hand side will give
N(t) directly. The second question is how () should evolve in time. As far as the overall
normalisation and the SFH are concerned, this can take any functional form — we could set
it to be a constant value, and with a small oz we would recover the uniform metallicity
assumption. The next simplest thing to do is simply introduce a linear dependance between
t and log Z. Combined with the expression for N(t), we first must show that this is able
to reproduce the behaviour for the overall Z distribution, before showing how this also

provides a good description of the 2-d joint distribution of ¢ and log, Z in the next section.

If we assume our linear relationship uz = %t+yo where y = log;yZ and yy =
log,o Z(t = 0), we must consider each age bin separately, and sum over these bins to

reach the overall metallicity distribution, i.e.

N(Z) = Z SFR(t;) - exp - (4.6)

) d
N [ (v - @ - yo>2]
i V4
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where the index i runs over the age bins, and ¢; is the age at the bin center. Inserting our

preferred exponential SFH from the previous section, we arrive at the expression

Npins ( - ﬂl" _ )2
-t W=gi—Yo
N(Z) = E —exp l7 - — ] 4.7)

20'Z

i

We can then ask what will happen if we shrink the age bin sizing from some width At
to an infinitesimal dt. Doing this replaces the sum over the age bins with an (admittedly
tricky) integral over ¢ from time 7 = 0O to the age of the universe at the redshift of the galaxy

tmax

tmax(Z) 1 —t — QZ‘ — 2
N(Z) = / — . exp [— _ o=@t =y dt (4.8)
0

2
T T 20-Z

Figure 4.4 shows the results of applying this prescription to a toy model, with parameters

7 = 100Myr, yo = -2.4, % = -8x107*Myr~! and oy = 0.5dex, these parameters are
within the range of parameters found to represent the metallicity distributions of these
galaxies (see section 4.5) however do not represent any physical reality — they were merely

chosen as an illustrative example.

157



—— Individual age bin
Gaussian
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Figure 4.4: Model of how a set of age bins, each with a log-normal distribution of metal-
licities, with linearly evolving u values, and exponentially decreasing amplitudes (black)
can sum together to produce a skewed distribution as required to fit figure 4.3 (red). To
emphasize the advantages of this formulation a log-normal distribution with the same peak
location, normalisation, and o is included for reference. Y axis scale of individual bins
has been increased by a factor of 10 to aid visibility.

We can see from this figure that the proposed model is capable of producing asymmetric
distributions in Z. Each bin is modelled by a log-normal distribution (black) increasing
in age from left to right. Their peaks begin at some metallicity Zy, which is simply the
metallicity of stars being created right now, and log-linearly move to lower metallicity with
time. The summed contribution of these many high age, low-amplitude bins produces a
much flatter tail towards low metallicities than the sharp cutoff which is dominated by the
youngest few bins.

Now that we have a functional form of the SFH, and a way to describe the metallicity
distribution of the galaxies in BLUETIDEsSWhich is physically motivated by the SFH and the

co-evolution of metallicity with it, we can fit them simultaneously as a joint distribution.
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4.5 The Joint Age-Metallicity Distribution

As outlined in sections 4.3 and 4.4.1, the joint distribution (¢, Z) can be in general written
in the form:
Yiin(t,Z) = A - SFR(1) - f(2) - N(Z,1) (4.9)

where SFR(¢) is the normalised SFH, f(¢) is the fraction of mass remaining compared to
t=0, N(Z,t) is the normalised metallicity distribution and A is the overall normalisation

constant such that the following is true —

/ B / " V(1. Z)dZdt = M (4.10)
0 —00

Inserting equations 4.1 and 4.4 for SFR(¢) and N(Z,t) respectively, the full expression

for fitting galaxies in BLUETIDES will be:

*
/ 2
T 27r0'y

where as previously, y = logioZ the metallicity, ¢ is the stellar age, counting backwards

_ _ _ 2
exp( (y=yo—mi) 1 @.11)

Ty T

from the current epoch of the galaxy. That is, at redshift z = 8, #(z = 8) = 0, and #pp
— the time which the big bang happened — is * 647Myr, M, is the stellar mass of the
galaxy, tau is the exponential SFH parameter, o is the gaussian shape parameter for y, and

dy
dt

m = = is the slope of the age-metallicity dependance. Given this two-variable, 5S-parameter
model ¥, (2, Z) is the mass density at a given age and metallicity, and may be integrated
over the two bin dimensions to find a mass within a given range. This section will focus
on examining the errors introduced by parameterising BLUETIDES galaxies in this way (as

opposed to using the particle data directly).
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(b) Best fit joint distribution (¢, Z) found by fitting to the particle data in (a).

Figure 4.5: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies
with z=9 and 10° < M /Mg < 10'°. Top histogram shows the SFH by marginalising over
all metallicity bins, right histogram shows overall metallicity distribution by marginalising
over age bins. Included are the best fit for these distributions using the prescription in the
text (red), and the best fitting constant SFH (green) for comparison.
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Figure 4.5 demonstrates the distribution in action, comparing the stack of galaxies at

z = 9 with 10° < M/Mg < 10'°. Even by eye it can be seen that the model ( fig 4.5b )
slightly overestimates the proportion of stellar mass at young ages and high metallicities,
however it certainly reproduces the overall shape of the distribution. Similar particle and fit
figures for each of the redshift and mass bins can be found in appendix C. We will therefore
first assess the quality of the fits quantitatively by normalising both distributions to the same
mass, and calculating the percentage error by mass in each bin individually, and for the

distribution as a whole. That is:

|Mioderi; — Mgz j|

Afy, = (4.12)
Ju 0.5(Modetjj + Mpr;j)
and
100% “&7
SMAPEy,, = —— > Afu, (4.13)

ninj i

where A fy,, represents the fractional error in the age/metallicity bin with indexes i, j,
M 04e1,j is the amount of mass stored in said bin according to the analytic expression, and
Mpr;; is the mass in BLUETIDES particles. SMAPE)y,, is the symmetric mean absolute

percentage error — this is a metric to measure the amount of mass which is incorrectly placed

in the model. While this metric is not ideal — it assumes that the “true” mass that should

be inside the bin is simply the mean of the two, when in reality the “truth” here is Mpy.
However, the SMAPE avoids problems with bins that have very little mass in them. These
bins typically have no star particles in from BLUETIDEs and thus would be undefind for a
tradiational fractional mass error. An approach would be to then neglect these bins when
calculating how mass is (mis)placed but then we must contend with the fact that misplaced
mass exists in all of these bins as the model is > O for all ¢, Z.

Figure 4.6 shows the joint distributions (4.6a) and the SMAPE residuals (4.6¢) for using
the full age and metallicity distribution — hereafter referred to as “full grid”, the traditional

method of using an SFH and a fixed single metallicity, and using the best fit constant SFH
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along with a fixed metallicity.

The colours in the top bin represent the percentage of mass contained within each
bin. The colours in the lower plot represent the percentage of mass overplaced (colour) or
missing (grey) in each bin. Any bins with under 0.01% of the total mass contained within
them according to the model — i.e. those with very high/low metallicites and those with
large ages — are not shown, as these contribute very little ot the overall picture of the galaxy
and are simply omitted here for clarity.

The binning is different to that in figure 4.5, rather than using linear bins we use
bins based upon the BPASS SPS model (section 2.2.1.1 ) as these map more neatly into

luminosity space, which will be explored in the next section.
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Figure 4.6: Mass grids for the stack of galaxies with z = 9 and 10° < M /My < 10'°. (a)
and (b) show the overall fractional mass histogram of the bins, while (c) and (d) show the
SMAPE (see equation 4.13) on a per-bin basis as compared to the stacked histogram of
particle data. Bins containing less than 0.01% of the total mass have been set to 0 in all
plots, simply as they can provide extremely large percentage errors while not contributing
meaningfully to the overall picture. Subfigures (b) and (d) show the same information
as (a) and (c), but simply zoom in on the first S0Myr, to aid visualisation. “Full grid”
(blue) repsents the use of ¥, as in equation 4.11 as the model, “fixed Z” (gold) uses an
exponential SFH, but a single metallicity value, and “constSFH fixed Z” (red) uses the same
single metallicty, but a constant SFH.



It can clearly be seen in this stack that the full grid significantly outperforms both the
fixed metallicity solution and the constant SFH fixed Z solution. For both of the fixed
metallicity solutions, any star particle which does not fall into the single bin being used by
the model is forced into that bin, resulting in all of those bins returning that they are missing
100% of the mass they “should” contain. Similarly the bins lying along the principal Z axis
all contain far too much mass, because they have had all of this extra added to them from
the differing metallicity bins.

The exception to this trend is the constant SFH bins at very young ages. As can be seen
in e.g. figure 4.1, constant SFHs pathologically underestimate BLUETIDEs star formation
at young ages, and this is somewhat counteracted by adding in the mass from the other
metallicity bins. These two effects conspire to counteract each other somewhat, resulting
in the principal Z axis bins fitting reasonably well at young ages — however this should
not be taken as a success of the model, merely a quirk, as shown by the poor performance

elsewhere.

Further examples of this can be found in appendix C, they have been omitted from the

main body as they show largely similar results across all masses and redshifts.
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Figure 4.7: Histogram of the Symmetric Mean Average Percentage Error (SMAPE) as
defined in equation 4.13 for each galaxy in the BLUETIDES sample, binned by mass and red-
shift. Each colour uses a different parameterisation for M,;,,4.; — the full analytic expression
as outlined in equation 4.11 (blue), an exponential SFH with single fixed metallicity (gold)
and a constant SFH with fixed metallicity (red).

We now move again from stacked objects to the distributions of individual sources, in

order to quantify how the analytic model performs against traditional single Z methods.
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Figure 4.7 shows the overall SMAPE for the three models.

These histograms demonstrate that this approach works significantly better for replicat-
ing the stellar populations of these extreme redshift objects, across all masses and redshifts
covered by BLUETIDES, and in this space on average the SFH does not have a major effect
— however this is due to the effect outlined earlier whereby the constant SFH does well
in young bins due to the extra mass moved in there from other metallicities mitigating
the under-estimation from the SFH shape — calculation of SMAPE when the metallicity is
marginalised over as in figure 4.2 is perhaps a better comparison between these models.

It should be noted that as the fixed Z and constant SFH models are not smooth and

contain 0’s in bins that are do not contain the single Z value, and/or are older than ag in
the constant case. When these bins coincide with bins with no star particles inside, the
SMAPE becomes undefined due to the denominator being 0. Thus the SMAPE has only
been calculated across those non-zeros bins for these two models (with the normalisation
n;n; being adjusted appropriately), as that is the only way it can be satisfactorily defined.
The full grid model is unaffected because, as it is at it’s core the product of an exponential
SFH and a Gaussian, it is strictly >0 — which as outlined earlier is the motivation for using

SMAPE as our metric in the first place.

4.5.1 Evolution of the joint distribution parameters

Under the assertion that this model provides a realistic replacement for the true distribution
of star particles in BLUETIDES the redshift and mass evolution of these parameters can give

us significant physical insight into how these early galaxies evolve.
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Figure 4.8: Evolution of fit parameters as described in equation 4.11. Each point represents
the median of the redshift (x-coordinate) and mass (colour) bins, and the error bar represents
the 16th and 84th percentiles — the true poisson errors would be /n smaller than this, where
n is the number of galaxies in the bin (see table 4.1). Groups of coloured points all co-incide
with the integer redshift they are closest to, but have been scattered slightly to aid visibility.
Points marked with a cross are galaxy bins with less than 10 objects and should be regarded
with caution and are not used in analysis due to small number statistics. Mass bins not
present at a given redshift are because no galaxies reside in that bin.

Figure 4.8 shows the evolution of these parameters by mass and redshift bins. 7 governs
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the shape of the star formation history. As we move to earlier and earlier cosmic times,
we see that T decreases quite sharply — by around a factor of 2 across the redshifts 8-13 at
fixed mass. This is probably unsurprising, these galaxies are still forming stars at incredible
rates, but every star formed is gas that is no longer available, so a decrease in this rate
is inevitable. This also fits with our picture of the lower redshift universe, where most
galaxies have some variant of an exponentially decreasing SFH [Wright et al., 2016] — the
trend merely is the very start of this transition happening. We also see a weak evolution of
7 with mass. Galaxies which have assembled more mass by a given redshift have less steep
SFHs. This is a similar effect — a galaxy with larger mass likely formed earlier, and thus
will have begun the process of using up its available gas much more quickly.

log Z, represents the metallicity of the stars that have just been formed. We see very little
evolution with redshift, however log Zj has a strong mass dependence, especially towards
higher masses. This, similarly to the 7 dependence, is because higher mass galaxies must
have begun their star formation at earlier times in order to build up all the mass they contain.
Thus higher mass galaxies have had more generations of stars go through their life cycle,
leading to higher metallicity.

The age-metallicity slope % shows a weak redshift dependence, with the relationship
flattening towards lower redshifts. This is consistent with the view that for most galaxies,
using a single parameter metallicity is a reasonable reproduction of reality. However at
the extreme redshifts observations are beginning to push to, it may be prudent to switch to
an age dependant model, as over the course of * 500Myr the metallicity can change by as
much as Alog Z ~ 2.

Finally, the scatter in the age-metallicity relationship remains relatively constant across
redshift, with a weak dependence on mass. This is related to the flattening of the relationship
with time. Galaxies that have assembled a larger collection of stars have likely had more
generations of stars, and thus more enrichment of both the gas and the stars themselves. This
increasing mixing will cause the galaxy to slowly have more uniform metallicity compared

to a galaxy which has only just begun star formation, which will have a more clumpy metal

168



morphology.

4.6 Stellar Spectra Modelling of Galaxies in Bluetides

Showing that this model performs well at assigning star particles into the correct places is
all well and good, however it is also vital to examine how each model performs in terms of
observables, as the only direct data we receive from a galaxy is the light, and this is how all
statements about the stellar population must be made.

Typically with observations we are solving the reverse problem — we have a set of fluxes
and must create a model which is capable of producing that data. However here we are
examining the forward problem — how do a fixed set of parameters correspond to fluxes
when run through different models. Throughout this section we will use the BPASS v2.1
SPS model (see section 2.2.1.1 for details) to convert the histograms of star particles into
stellar spectra. We also use nebular emission models recommended by the BPASS team
which are created in CLOUDY v13.03 (see section 2.2.1.2) for this purpose.

Throughout this section, we fix the stellar mass of the galaxy to be the same as the
BLUETIDES mass, in order to isolate the effect of moving star particles around in age/Z
without the effect of the overall normalisation. We also for simplicity use the BPASS age &
metallicity bins, without interpolation. While it is possible that this may have some effect on
the conclusions drawn, we argue that this effect would be small due to the distinguishablity
between spectra is roughly proportional to their log-separation in time [Ocvirk ez al., 2006].

In addition, throughout this section, we define the fiducial spectra to be the spectra
constructed from the BLUETIDEs particles directly by simply assigning each particle an
SSP spectra from the BPASS library and summing the results. The analytical models we

have constructed are then assessed based on the quality of the approximation of this “true”

spectra.
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Figure 4.9: Spectra of stacked BLUETIDEs galaxies with z=9 and 10° < M /M, < 10'.
As in the joint distribution section three models are used: the full analytic expression as
outlined in equation 4.11 (blue), an exponential SFH with single fixed metallicity (gold) and
a constant SFH with fixed metallicity (red). Circles represent the UV flux Lyy as measured
through a top-hat filter from 1300 to 1700 , a commonly used proxy for unobscured star
formation rate.

Figure 4.9 shows the stellar plus nebular emission spectra of the stack of galaxies with

z =9and 10° < M/Mg < 10'° for each model used in the previous joint distribution
sections. These spectra have each been divided through by the spectra derived directly from
BLUETIDES , SO a perfect reproduction would correspond to a horizontal line at y = 0.0.

As can be seen, both the full grid model and the exponential SFH & fixed Z models
perform well (the median deviation from the BLUETIDES spectra is -1.4% and +1.6% respec-
tively) while the constant SFH significantly underestimates (median deviation -27.2%) the
flux. These spectra demonstrate that in terms of the continuum, or if one were using pho-
tometry, the spectra is largely insensitive to how the metallicities are distributed — whether
one uses a wide distribution or a single value makes little difference to the overall nor-
malisation of the output spectra. It is therefore obviously advantageous in these situations
to use a single Z value, as that is the minimum number of parameters which encapsulate

the behaviour of the spectra. This argument is reinforced when we also consider figure
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4.8, specifically the evolution of %' As the redshift decreases, the slope of the principal
age-metallicity axis decreases, until at z = 8 it is already close to a constant metallicity
anyway, leaving only the spread in Z to affect the spectra when compared to a single value.

However, this analysis reveals that it is extremely important to get the SFH correct.
Switching from an exponential SFH to a constant and holding the normalisation constant
means that young stars are effectively replaced with old stars. This means that per unit
mass the galaxy produces much less light, as young stars are that much more efficient at
producing light. Applying the reverse logic to this, if one were to fix the flux (as in an
observation) applying a constant SFH to a galaxy that in reality has something much closer
to an exponential can cause a significant overestimation of both the star formation rate and

the stellar mass.

171



108 - 109 Mg 10° - 1010 Mg > 101° Mg

—— full grid e
e e | HIE]L | !
! N
. rLr:]i—. AL .HTJL\. )
| - B
. J‘J.-LFL.ﬂ'Ln L L. )
| AL f
| OO N U . P
A
,{,F[ L Jrzrll\ . ;-J‘;L .
L (A1)
;-‘FL . ,r-’:f]l\ o L
0

1 — 0 1 -1 0 1
(L1500,model/Li1s00,BT) — 1

-1

Figure 4.10: Histogram of Lyy, the luminosity through a perfect top-hat filter extending
from 1300 to 1700 for each galaxy in the BLUETIDES sample, binned by mass and redshift,
as compared to the “true” value derived from the BLUETIDEs star particles directly. Each
colour uses a different parameterisation for M,,,4.; — the full analytic expression as outlined
in equation 4.11 (blue), an exponential SFH with single fixed metallicity (gold) and a
constant SFH with fixed metallicity (red).
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Figure 4.11: Histogram of V5509, the luminosity through a perfect top-hat filter extending
from 5100 — 5900 for each galaxy in the BLUETIDES sample, binned by mass and redshift,
as compared to the “true” value derived from the BLUETIDEs star particles directly. Each
colour uses a different parameterisation for M,,,4.; — the full analytic expression as outlined
in equation 4.11 (blue), an exponential SFH with single fixed metallicity (gold) and a
constant SFH with fixed metallicity (red).

Figures 4.10 and 4.11 show the distributions of the individual galaxies with the usual
mass and redshift binning for the UV luminosity (L;500) and the V band luminosity (Vssoo)
respectively.

In the majority of mass and redshift bins, the full grid and fixed Z models recover the
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true luminosities in both bands very well, with a small scatter around 0. The constant SFH
performs less well, with a large scatter, but still remains within a factor of two (+1) for
almost all individual objects.

The only exception to this trend is the high mass galaxies. In these bins fixed metallicities
habitually over-predict both the the UV and optical luminosity. This is because at these
higher masses, while the age-metallicity relation flattens, the scatter in metallicities at fixed
age is still relatively large, and the flux is not linear in this quantity. That is to say, if we
consider a stellar population in an age bin to have some mean metallicity < Z >, with a
symmetric distribution, SSPs with < Z > +¢€ for some positive quantity € will not have
a luminosity differing from that of L.z~ by the same factor as an SSP with metallicity
< Z > —e. These populations do not serve to “cancel out” — the populations with higher-
than-average metallicity see a faster drop in their luminosities than those that are below
average: condensing to a single average metallicity model in population space does not

produce the desired results in luminosity space.

4.7 Conclusions

Firstly, it is important to establish the star formation history of these galaxies, as this is
ultimately the dominant aspect which is recoverable from observations. We fitted BLUETIDES
galaxies both in stacks and as individual galaxies with a variety of SFHs, and found that
across all mass and redshift ranges being considered they were significantly better served
by an exponential SFH, with a time constant which decreased with redshift.

We then introduce an age dependant metallicity — younger stars will on average have
higher metallicities. The slowly evolving galaxies of the modern Universe have plenty of
time for their stars/gas to mix so the galaxy evolves as a whole, whereas the stars in high-z
galaxies are evolving so fast, that this can have an appreciable effect. We recreate the
skewed overall metallicity distribution by spreading the metallicity of the stars at each fixed

age over all metallicities in a normal distribution. This, combined with the exponential
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SFH established earlier reproduces the desired behaviour, closely matching the BLUETIDES
galaxies in terms of how the stars are distributed in age and metallicity.

We note that many of these parameters possess evolution with either changes in mass
or redshift. Largely, parameters controlled by the star formation history trend towards a
less steep history with higher normalisation as time goes on, while parameters governing
the metallicity are sensitive to the stellar mass of the galaxy — galaxies that have had time
to build up significant stellar mass have also had time for the enrichment to become more
uniform throughout.

Finally, we move into observable space, creating stellar & nebular SED’s from these
SFHZ grids in order to isolate the effect that the evolution and scatter in metallicity would
have on the light being produced. We find that the imposition of a constant SFH (or indeed
any SFH which largely suppresses the true stellar mass contained in the youngest bins)
leads to a large reduction in the continuum flux, around 35%. This argument can also be
inverted — inappropriately choosing a constant SFH when fitting one of these galaxies will
result in a significant overestimation of the mass due to the underrepresented O/B/A stars.
While the use of a fixed metallicity compared to the grid model largely does not impact the
photometry, such a model largely provides better estimates of the line fluxes in the optical.
Such a mode may therefore be useful in the era of Webb, when rest frame optical imaging

and possibly spectroscopy are accessible for EoR galaxies.
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Chapter 5

Conclusions

In this thesis, we have developed a novel SED fitting code INTERROGATOR, Which has been
designed specifically with the study of EoR galaxies using the Webb telescope in mind.
In Chapter 2 I focus on a description and brief test of the code, documenting how each
component of the luminous material in a galaxy is modelled, and how they are combined to
infer the physical properties of a galaxy based on its broad band flux observations. Chapter
3 demonstrates an application of INTERROGATOR, selecting a sample of Extreme Emission
Line Sources from the GAMA survey, and fitting them with a variety of models using
INTERROGATOR in order to more appropriately measure their physical parameters, and to
carry out a comparison of inferred parameters based on varying the model assumptions.
Finally, Chapter 4 proposes a novel fitting technique based on galaxies from the BLUETIDES
simulation, relaxing the assumption that galaxies have a single metallicity, rather a log-
normal distribution about some age dependant central axis, and what effects this has.

Chapter 3, documents an application of a code such as INTERROGATOR. We first se-
lect a sample of EELS — a sub class of local galaxies which are defined by their high
Ha equivalent width — a predictor of high specific star formation rate. Specifically, we
select for galaxies with EW(Ha) > 2004, redshift 0.05 < z < 0.3, and S/N > 5 in the
OIII15007, NII16564, Ha and Hp lines.

Traditionally, such selections have been made using inferred line fluxes based on pho-

tometry as getting continuum measurements (and therefore accurate EWs) was time con-
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suming, and EELS are rare so building up a large sample is extremely prohibitive. However
with recent advances in survey breadth and depth, we are able to turn to the GAMA survey
to assemble such a sample based on spectroscopy. We find a sample of 136 galaxies which

match the criteria selection criteria.

We then move on to deriving the physical properties of this sample. While GAMA
provide modelling and inferred parameters for all objects in the survey, they do not include
nebular emission in their fitting, and assume exponentially declining SFHs. While these
are solid assumptions for most galaxies in the local Universe, the defining features of
EELS mean that they are inappropriate — by definition we are selecting for galaxies with
overwhelming amounts of nebular emission, and (as He is correlated) high star formation
rates which are unlikely to be declining. We therefore refit the galaxies using INTERROGATOR
and a fiducial model similar to that used in the existing fits but with the relaxation of the

SFH assumption and the addition of nebular emission. We find that these galaxies are low

in stellar mass, ranging from 7.95 < log M. /Mg < 10.21, but with median below 109M@,
but largely possess much higher specific star formation rates compared to the local Universe
main sequence, on average following much more closely the star forming galaxy main
sequence as high as z ~ 8. We also find the sample exhibits significantly lower metallicities
than the local mass metallicity relation, however the distribution is significantly different to
both the local and high redshift relation at z = 8 as derived from the BLUETIDESsimulation.
Based on the O3N2 strong line diagnostic we find the relation to be largely flat over the
whole range, lying somewhere between the local and EoR relations. Finally, we find our
suspicion that these galaxies should be re-fit to be vindicated — almost all galaxies in the
sample are consistent with rising star formation histories, with a small minority showing
slightly declining — but consistent with constant — SFHs.

However, our choice of model was effectively arbitrary, and it is important to quantify
the uncertainty associated with the model assumptions made. We fit the observations with
a variety of different models used in modern SED fitting, and find scatters of ~ 0.4dex in

both the median stellar mass and star formation rate for the choice of models we chose,
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with significantly larger scatter possible on individual objects. It can be argued that these
galaxies are the “worst case” in the local Universe, as they have large amounts of recent
star formation, which is much less poorly conditioned than older stellar populations — the
addition of small amounts of young populations can have dire consequences for the overall
emission, and while these galaxies are rare, the conditions are much more typical of the
epoch of reionisation.

Finally, as described in Section 3.5, we obtained and analysed VLT/X-SHOOTER
spectroscopy of a sub-sample of 12 EELS. In principle this should permit the measurement
of accurate direct method metallicities and constraints on the shape of the dust curve. We
design an EMcEE-based line fitting code to fit emission lines from these spectra, with the
aim of using known intrinsic line ratios to accurately map the dust curves of these objects.
Unfortunately, early analysis raised concerns of the integrity of the observations themselves
or reduction prompting us to abandon this part of the project.

Finally, Chapter 4 proposes a novel handling of the star formation history and chemical
enrichment histories within codes such as INTERROGATOR. We use the hydrodynamic code
BLUETIDES, extracting all galaxies from redshifts 8-13. We divide them up by redshift, and
then by mass bins in integer ranges from 8 < z < 13 and 8 < log M, < 10.

We then first establish the star formation histories of these galaxies, as this is the
dominant component over the chemical enrichment history, at least for photometry. For
each galaxy we bin star particles by age, and fit both a constant and an exponential SFH to
them, finding that across all mass and redshift ranges being considered they are considerably
better serviced by exponential SFHs, with a time constant which decreases with redshift.
This tracks with results from the lower redshift Universe — as time goes on star formation
cosmically slows down, and most galaxies in the local Universe have exponentially declining
histories rather than rising.

We then argue that it is possible to fit the overall metallicity distribution by both intro-
ducing an age dependant metallicity, and adopting a metallicity distribution (specifically

a gaussian distribution in log Z) in each age bin. As for the SFH we have established the
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younger, higher Z bins have much higher amplitudes than the older, lower Z bins, this
produces the characteristic skewed global metallicity distribution in these galaxies.
Combining these assumptions together, we find good agreement in star particle his-
togram space between both the stacked galaxies in each bin and the overall fit (¢, Z) in
equation 4.11. In addition to the evolution of the SFH parameter 7, we find that the metal-

licity evolves strongly with stellar mass, increasing approximately ldex at fixed redshift

from galaxies < 108 M, to the largest galaxies at <> 10'0M,, in addition, the metallicity
evolution with age weakly trends towards flat with redshift — this again tallies with our
observations of the local Universe, where metals have sufficient mixing time to become
approximately constant throughout a given galaxy, and evolve slowly in time as metallicity
is a proportional quantity so a fixed amount of metal production results in a decreasing
metallicity increase with time.

Finally, we move into observable space, creating stellar & nebular SED’s from these
SFHZ grids in order to isolate the effect that the evolution and scatter in metallicity would
have on the light being produced. We find that the imposition of a constant SFH (or indeed
any SFH which largely suppresses the true stellar mass contained in the youngest bins)
leads to a large reduction in the continuum flux, around 35%. This argument can also be
inverted — inappropriately choosing a constant SFH when fitting one of these galaxies will
result in a significant overestimation of the mass due to the underrepresented O/B/A stars.
While the use of a fixed metallicity compared to the grid model largely does not impact the
photometry, such a model largely provides better estimates of the line fluxes in the optical.
Such a mode may therefore be useful in the era of Webb, when rest frame optical imaging

and possibly spectroscopy are accessible for EoR galaxies.

5.1 Future Work

Significant amounts of future work can be done on each of these projects.
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INTERROGATOR is a project which is only as good as the models/assumptions it uses. In
the concluding remarks to Chapter 2 we outline a range of potential improvements including:
code optimisation (i.e. speeding up the calculation), expansion to other SFZHs (for example
that described in Chapter 4), SPS models and IMFs, adding FIR modelling, and creating
mock NIRCam/NIRISS WESS and NIRSpec observations. These are all updates that can
be done piecemeal, either as better tools (such as SPS models) are released, or as they
become nessacery due to arguments made in the literature.

While Chapter 3 is largely complete and self contained the analysis of the X-SHOOTER
spectroscopy of the EELS was left incomplete due to results which led to concerns about
the data’s integrity. One possible pathway would be to re-reduce the observations using the
newest available pipeline, however this is far from a guarantee that future work would be
possible.

Chapter 4 has significant possible expansion. Firstly, quantifying the stochasticity in
these SFHZ relations would be a valuable approach if this type of fitting is to be used for
galaxies observed in the EoR. In addition, if the work done here were to be combined with a
realistic set of mass functions with redshift for the EoR, one can generate samples of galaxies
by drawing from the 2-D mass/z function, and then drawing the other starlight parameter
distributions (figure 4.8) at that stellar mass an redshift. Once these parameters have been
drawn, it would be easy to then generate spectra, adding dust and nebular emission and
creating realistic synthetic observations. While this can obviously be done directly with
hydrodynamical simulations, this would be a rapid way to generate more galaxies with very
similar properties, by drawing on the distributions of galaxies made by the direct method.

In addition, the expression at the heart of the BLUETIDEs fits given in equation 4.11 is
effectively a product of a SFH, and a term which describe the metallicity distribution at
each fixed age. There is nothing special about the SFH we found for BLUETIDES galaxies,
and a useful extension would be to see how this applies to galaxies in other simulations.
The constant metallicity assumption usually used in SED fitting is much more appropriate

at low redshift, where material has had more mixing time, however the quantification of
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this effect would be undoubtably useful.
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Appendix A

Testing interrogator with synthetic
galaxies

This appendix shows the complete set of synthetic galaxy fits as outlined in section 2.4.
Galaxies all have the same parameters (listed in the table below) except for their star
formation histories. The galaxy spectra were then made with INTERROGATOR’s model
galaxy generator and convolved with the filter transmission functions. White noise was

then applied to the observations with a signal to noise ratio of 50.

SPS model | BPASS v2.1
IMF | Salpeter, @ = —2.35
Nebular Emission | cLouDpy, escape frac. =0
Dust | Modified Charlot & Fall “Pacman’ model
Ty = 1.0, u =0.25, tgc = 10Myr
Other params | z = 0.0, log;((M.) = 8.0, Z = Z,/20 height

Table A.1: Table of synthetic galaxy parameters
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Figure A.9: iNTERROGATOR SED fit of synthetic galaxy with an exponentially rising star
formation history with 2 = 0.01Myr~!. The other parameters are outlined in the table at
the beginning of this appendix. Broad band filters used are those of the GAMA survey, see
section 3.2

183



0.25 |
0.20 ;
0.15 ;
0.10 ;
0.05 ;
0.00 - |

-0.05 |

—03]:8:-.........................|....|....|..

Iog 10(f ; obs/fv; model)

3.4

3.2

logio(fu/ply)

2.8

N
(-]
T

0.75 F
0.50 F

0.25 F f‘/\
:l IR S N NS AT T N U NI S T S R N N T
-1.0 -09 -0.8 -07 -06

logi0(A/um)

-0.5

-0.4

-0.3

throughput

gator

Figure A.10: Same as previous figure, except only the bluest three filters are used.
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Figure A.11: Triangle plot of fit parameters for INTERROGATOR synthetic galaxy with
exponentially rising star formation history with A = 0.01Myr~'. Coloured panels are
marginalised 2d distributions between row and column parameter, and grey histograms
are the 1-D marginalised distribution of the parameter.
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Figure A.12: Same as previous figure, except for fit to the three bluest filters.
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Figure A.2: Same as previous figure, except only the bluest three filters are used.
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Figure A.3: Triangle plot of fit parameters for INTERROGATOR synthetic galaxy with constant
SFH 100Myr in duration. Coloured panels are marginalised 2d distributions between row
and column parameter, and grey histograms are the 1-D marginalised distribution of the
parameter.
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Figure A.4: Same as previous figure, except for fit to the three bluest filters.
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Figure A.5: INTERROGATOR SED fit of synthetic galaxy with a constant SFH 1Gyr in
duration. The other parameters are outlined in the table at the beginning of this appendix.
Broad band filters used are those of the GAMA survey, see section 3.2
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Figure A.6: Same as previous figure, except only the bluest three filters are used.
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Figure A.7: Triangle plot of fit parameters for INTERROGATOR synthetic galaxy with constant
SFH 1Gyr in duration. Coloured panels are marginalised 2d distributions between row
and column parameter, and grey histograms are the 1-D marginalised distribution of the
parameter.
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Figure A.8: Same as previous figure, except for fit to the three bluest filters.
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Figure A.13: iINTERROGATOR SED fit of synthetic galaxy with an exponentially rising star
formation history with A = 0.001Myr~!. The other parameters are outlined in the table at
the beginning of this appendix. Broad band filters used are those of the GAMA survey, see
section 3.2
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Figure A.14: Same as previous figure, except only the bluest three filters are used.
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Appendix B

X-SHOOTER spectra & Line fits of
EELS subsample

This appendix contains the tabulated selection data of each galaxy in the EELS sample. As
the galaxies were only selected on the Ha equivalent width, the r-band magnitude, and the
galaxy redshift (see section 3.2 of the main text) we have opted to list only these quantities
here. Other relevant values can be found in the full GAMA data releases [Wright et al.,
2016] using the catalogue IDs listed.

This appendix also contains the spectra of the EELS subsample for which VLT/X-
SHOOTER spectra were obtained, and is an appendix to section 3.5. They are presented in
order of their r-band brightness as measured in the GAMA survey.

The top figure on each page is the full spectra. Each spectra has been smoothed with a
3A gaussian kernel for visibility. Black line shows the spectra, and red line shows the error
spectrum.

The bottom figure is the fitting of the first three balmer series lines (Ha, 5,y) and the
OIIIA5007 line. The red fits are taken from the original GAMA survey spectra, and the blue
are extracts from the spectra in the top figure. Each fit was carried out in accordance with

the main text in section 3.5.

Catalogue ID RA DEC | r-band magnitude | redshift | HA-EW
782570 183.739 | -1.859 20.0 0.13 2548.7
824670 185.304 | 1.391 20.2 0.06 267.7
898820 185912 | -1.029 20.3 0.14 335.2
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Catalogue ID RA DEC | r-band magnitude | redshift | HA-EW
129830 174.645 | -2.073 19.4 0.19 544.4
124480 179.702 | -2.504 18.5 0.08 372.6
593480 216.766 | -0.208 18.1 0.15 973.6
64900 220.611 | -0.252 18.5 0.15 220.4
83810 174.266 | 0.471 18.6 0.11 347.3
22530 177.967 | 1.102 18.9 0.09 244.4
695300 181.064 | 0.428 18.7 0.15 218.8
106330 215.501 | 1.037 18.2 0.13 352.1
743280 220.523 | -0.88 19.3 0.28 462.8

16970 221.244 | 0.772 18.9 0.21 356.2
178340 180.082 | -2.019 18.6 0.11 247.6
371810 133.008 | 1.083 18.2 0.11 305.5
279080 135.277 | 0.905 18.9 0.11 513.8
372280 134.944 | 1.137 17.7 0.2 220.6
324450 135949 | 1.669 18.3 0.24 254.7
216670 139.218 | 0.521 18.7 0.06 371.2
383010 139.498 | 1.964 17.5 0.09 217.6
219800 179.157 | 1.546 18.6 0.11 275.6
719040 218.042 | 1.431 18.9 0.14 626.4
517140 131.059 | 2.439 18.1 0.09 564.5
516990 130.233 | 2.342 18.3 0.05 278.7
419630 140.714 | 2.935 19.5 0.12 356.6
376180 132.313 | 1.488 18.4 0.21 262.6
386450 132.383 | 2.261 18.6 0.13 277.8
3627050 134.354 | -0.805 18.8 0.07 481.2
600420 135.518 | 0.399 17.8 0.06 230.7
372710 137.289 | 1.12 19.5 0.28 233.1
210220 137.085 | 0.196 19.1 0.08 515.0
198500 139.822 | -0.807 17.3 0.08 307.5
210610 138.874 | 0.152 19.1 0.07 217.3
3623140 130.892 | -0.762 19.0 0.14 202.8
216900 140.315 | 0.581 19.4 0.14 225.2
516880 129.69 | 2.283 19.3 0.12 492.8
422300 130.178 | 2.62 19.1 0.18 2104
518080 134.894 | 2.689 19.1 0.07 249.8
388660 140.821 | 2.624 19.7 0.2 233.0
215720 135.053 | 0.568 19.3 0.06 276.0
574470 135.904 | -0.084 19.4 0.05 267.6
599910 133.051 | 0.416 19.5 0.07 343.2
381080 131.282 | 1.846 19.7 0.06 302.9
3603740 131.389 | -1.208 18.7 0.12 313.2
3888440 137.52 | -1.486 19.8 0.06 438.0
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Catalogue ID RA DEC | r-band magnitude | redshift | HA-EW
3900000 131.824 | -1.002 19.8 0.2 543.9
3862350 134.639 | -1.904 19.9 0.12 225.5
3578920 130.891 | -1.568 18.9 0.29 2222
521700 130.468 | 2.893 19.7 0.11 220.2
845130 134.934 | 1.788 19.8 0.23 218.1
747580 135.525 | 0.267 19.8 0.18 381.4
600250 134.353 | 0.364 19.5 0.28 255.2
324940 137.883 | 1.779 19.5 0.26 575.0
322980 129.648 | 1.485 19.5 0.11 236.3
198800 140.898 | -0.648 19.9 0.23 482.8
346490 134.037 | 2.006 19.8 0.12 384.8
622910 135.885 | 0.804 18.7 0.05 201.9
136470 175.116 | -1.638 18.4 0.12 639.4
402360 174774 | 1.973 20.3 0.1 360.4
396700 174.781 | 1.599 18.3 0.3 257.3
583780 176.603 | -0.183 19.5 0.22 262.6

69960 177704 | 0.0 19.4 0.13 202.1
610110 178.75 | 0.415 19.3 0.13 203.9
219920 179.598 | 1.528 18.9 0.14 445.2
560360 180.081 | -0.488 19.8 0.08 236.2
610440 180.192 | 0.222 19.1 0.24 292.2
272920 181.257 | 1.399 19.8 0.13 680.1
585060 180.927 | -0.134 19.9 0.13 493.9
585700 184.156 | -0.049 20.2 0.2 270.9
186360 184.143 | -1.658 19.1 0.19 231.3
56320 185.558 | -0.26 19.5 0.13 704.9
24030 184.014 | 1.195 18.5 0.05 203.4
690970 176.361 | -0.662 19.9 0.28 278.0
288680 179.726 | 1.734 17.9 0.08 305.4
138790 184.172 | -1.804 19.6 0.15 401.4
143670 177.033 | -1.403 19.2 0.06 363.5
85490 182.583 | 0.56 19.5 0.29 250.0
186070 182.909 | -1.476 19.1 0.1 235.3
828180 175.005 | 1.719 20.2 0.08 368.5
895720 174931 | -1.0 18.3 0.06 3574
40710 182.637 | -0.744 19.5 0.08 3441
289610 182.85 | 1.849 19.8 0.08 221.2
809840 183.063 | 1.592 20.3 0.13 216.9
143570 176.537 | -1.409 19.1 0.12 465.3
946810 184.615 | 1.057 20.2 0.13 224.2
810220 184.305 | 1.63 19.9 0.1 489.5
782120 182.187 | -1.762 19.7 0.06 419.0
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Catalogue ID RA DEC | r-band magnitude | redshift | HA-EW
792370 183.216 | -1.558 20.0 0.22 224.3
129980 175.328 | -2.099 19.6 0.05 270.7
131420 181.256 | -2.103 18.2 0.07 271.2
172040 180.727 | -2.438 19.5 0.27 222.0

4194520 180.069 | -2.734 19.9 0.13 227.8
583610 175.717 | -0.064 19.5 0.15 397.3
4310460 181.328 | 1.448 19.6 0.24 290.6
3087760 175.545 | 1.138 20.6 0.23 623.0
792870 184.659 | -1.645 20.2 0.07 258.8
958130 174.73 | -0.285 20.5 0.13 410.9
107830 222.906 | 0.967 18.8 0.12 339.8
239920 219.636 | 1.47 19.0 0.28 244.5
321040 220.766 | 1.648 19.3 0.12 222.6
64720 219.717 | -0.408 19.4 0.13 562.6
318890 212.814 | 1.904 19.3 0.08 262.3
238540 214.6 | 1.701 19.3 0.09 294.8
544280 214.711 | -0.958 19.1 0.15 371.1
28740 213.328 | 1.089 19.5 0.05 5954
229050 219.879 | 1.066 19.8 0.21 200.3
343990 223.114 | 1.968 19.5 0.11 200.5
569020 217.291 | -0.512 19.7 0.14 221.3
714990 217.101 | 1.569 19.4 0.24 465.2
251670 219.818 | 1.932 19.8 0.19 354.5
363740 221.155 | 2.54 18.9 0.13 290.6
363260 218.525 | 2.519 19.7 0.2 205.6
265800 215.325 | 2.797 19.5 0.11 236.1
367100 219.251 | 2.932 19.7 0.06 205.7
697400 214.097 | 0.871 19.6 0.19 281.3
238280 213.777 | 1.637 19.2 0.19 298.7
91950 214.169 | 0.449 19.7 0.27 2115.8
739880 222.577 | -1.932 19.3 0.15 299.9
63760 216.781 | -0.335 19.8 0.05 1529.4
227990 215.615 | 1.221 19.7 0.13 205.5
92150 215.304 | 043 20.6 0.05 474.8
297340 215.428 | 1.519 19.9 0.19 226.9
874230 212.488 | -1.292 19.9 0.05 233.6
505680 221.164 | -1.961 19.9 0.12 604.3
617950 213.745 | 0.227 19.4 0.13 209.8
748480 212.089 | 0.221 19.5 0.13 546.9
594750 221.393 | -0.148 19.8 0.06 236.0
740260 216.209 | -1.67 19.7 0.14 310.5
720710 216.022 | 1.803 19.6 0.06 3129
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Catalogue ID RA DEC | r-band magnitude | redshift | HA-EW
746770 211.824 | -0.136 19.8 0.25 361.5
47660 213.67 | -0.641 19.6 0.11 222.0
583980 177.714 | -0.182 19.7 0.1 227.0
610680 181.328 | 0.234 19.3 0.08 228.6
77480 213.444 | 0.169 19.3 0.13 222.0
592940 214.73 | -0.188 19.3 0.19 483.4
593760 217.722 | -0.155 18.2 0.12 267.4
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Appendix C

SFH/Z Joint distribution plots

This appendix shows the joint distributions in age and metallicity of the BLUETIDES galaxies
as described in section 4.5. On eac page are two figures, the top figure features the particle
data binned directly, while the bottom figure is the analytic solution from equation 4.11.
The central panel shows the joint 2-d distribution, while the right and top histograms show
the metallicity distribution and the SFH respectively. Red dashed lines show the best fit for
each marginalised distribution, and the green dashed line shows the best fir constant SFH
for comparison.

Each plot is binned into 32 linearly uniform age bins stretching from ¢ = O to ¢ = ¢
where 7y is the age of the universe at the redshift of the galaxy, and 16 linearly uniform bins

of metallicity stretching from Z = —6to Z = 0.
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(a) Joint distribution from binned particle data

log(Z)
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(b) Best fit joint distribution (¢, Z)

Figure C.1: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies with
z=8 and M /M, < 108,
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Figure C.2: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies with
z=8 and 10% < M /M, < 10°.
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Figure C.3: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies with
z=8 and 10° < M /M, < 10'°.
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Figure C.4: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies with
z=8 and M /M, > 10'°.
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Figure C.5: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies with
z=9 and M /M, < 108,
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Figure C.6: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies with
z=9 and 10% < M /M, < 10°.
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Figure C.7: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies with
z=9 and 10° < M /M, < 10'°.
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Figure C.8: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies with
z=10 and M /M, < 108.
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Figure C.9: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies with
z=10and 10% < M /M, < 10°.
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Figure C.10: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies
with z=10 and 10° < M /M, < 10,
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Figure C.11: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies
with z=10 and M /Mg > 10'°.
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Figure C.12: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies
with z=11 and M /Mg < 108.
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Figure C.13: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies
with z=11 and 103 < M /M, < 10°.
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Figure C.14: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies
with z=11 and 10° < M /M, < 10,
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Figure C.15: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies
with z=12 and M /Mg < 108.
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Figure C.16: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies
with z=12 and 103 < M /M, < 10°.
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Figure C.17: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies
with z=13 and M /M, < 108.
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Figure C.18: Joint distributions in age and metallicity of the stack of BLUETIDEsgalaxies
with z=13 and 103 < M /M, < 10°.
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